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t e m p e r a t u r e  d a t a  minuB t h e  t im e  o f  c e s s a t i o n  o f  t h e  
summejj wind regim e (w in d -c ru is e  i n t e r v a l )  and th e  a re a o o f  
(nmi) o f  b o tto m  w a t e r  g r e a t e r - t h a n  o r  e q u a l  to  16 C: 
y = 6231 + (897*x) -  (62*xZ) ,  (R “  0 .7 8 ,  n » 2 6 ) .
F ig u re  4 . 1 .5  2
The p r e d i c t e d  a r e a  (nmi) o f  w a te r  g r e a t e r  th a n  o r  e q u a l  
to  16°C based on th e  t im e  o f  t h e  summer w ind  c e s s a t i o n  
t h a t  w o u ld  b e  on  t h e  s h e l f  a t  d e s i g n a t e d  t i m e s :  3
V I I I  -  end o f  A u g u s t ,  1 IX -  b e g i n n i n g  o f  S e p te m b e r ,  
2 IX -  middle o f  Sep tem ber,  3 IX -  end o f  September from 
th e  r e l a t i o n s h i p  e s t a b l i s h e d  in  F ig u re  4 . 1 . 4 .
F ig u re  4 . 1 .6
P lo t  o f  bottom te m p e ra tu re  (1977-1981) a t  a  t r a n s e c t  o f f  
t h e  m ou th  o f  t h e  Chesapeake Bay. S t a t i o n  1 i s  i n s h o r e ,  
S t a t i o n  7 i s  a t  t h e  edge o f  th e  s h e l f .  See F i g u r e  4 . 1 . 1  
f o r  s t a t i o n  l o c a t i o n s .
CHAPTER 4 .2
F ig u re  4 .2 .1
The M id -A tla n t ic  B igh t s tudy  a r e a .  S t a t i o n s  1 t h r o u g h  5 
i n d i c a t e d  a t  t h e  Chesapeake Bay mouth and Cape B a t t e r a s  
a r e  r e f e r r e d  t o  i n  F i g u r e  4 . 2 . 7 .  S t a t i o n  5 a t  C a p e  
B a t t e r a s ,  n o t  sh o w n  h e r e ,  i s  a t  t h e  200 m c o n t o u r ,  
s l i g h t l y  south  o f  35°N.
F ig u re  4 . 2 .2
D i s t r i b u t i o n  o f  a d u l t  A t l a n t i c  c ro a k e r  (1967 , 1971, 1973- 
1981) i n  th e  M id -A t la n t ic  B ig h t .  C ontoured i n  number p e r  
s ta n d a rd  tow c o l l e c t e d  by NMFS/MARMAP c r u i s e s .
F ig u re  4 . 2 .3
C ontours  o f  bo ttom  te m p e ra tu re s  ( C) i n  th e  M i d - A t l a n t i c  
B ig h t  c o n c u r r e n t  w i th  th e  c o l l e c t i o n  o f  c ro a k e r  shown i n  
F ig u re  4 . 2 . 2 .
L is t  o f  F ig u re s ,  C o n tin u ed Page
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L in e a r  r e l a t i o n s h i p  o f  th e  a r e a l  e x t e n t  (n m i)  o c c u p i e d  
by  a d u l t  c ro a k e r  based  on th e  a r e a  o f  w a te r  g r e a t e r  th a n  
o r  e q u a l  to  16°C: y = 807 + ( 0 .6 3 * x ) ,  (R ■ 0 .7 8 ,  n = l l ) .
F ig u re  4 . 2 . 5  ^  67
The p r e d i c t e d  a r e a l  e x t e n t  (n m i)  a v a i l a b l e  t o  a d u l t  
c r o a k e r  b a s e d  on  t h e  t im e  o f  t h e  summer wind c e s s a t i o n  
t h a t  would be on th e  s h e l f  a t  d e s ig n a te d  t im e s :  3 V I I I  -
end  o f  A u g u s t ,  1 IX -  b e g i n n i n g  o f  S e p te m b e r ,  2 IX -  
m id d le  o f  S ep tem ber ,  3 IX -  end o f  Septem ber.
F ig u re  4 . 2 . 6  69
H a le  and fem ale c ro a k e r  le n g th s  a t  m a tu r i t y  r e g r e s s e d  on  
t im e  o f  wind c e s s a t i o n :  „
a t  100% m a tu r i t y — y « 229 + ( 6 . 2 * x ) ,  (R = 0 . 7 6 ,  n = 1 0 ) ;
a t  50% m a tu r i t y — y » 170 + ( 6 .6 * x ) ,  (R a 0 .7 5 ,  n = 8 ) .
F ig u re  4 . 2 .7  73
T im e p l o t s  o f  b o t to m  t e m p e r a t u r e s  a t  t r a n s e c t s  o f f  th e  
m outh o f  the  Chesapeake Bay ( u p p e r )  and  a t r a n s e c t  o f f  
C ape  H a t t e r a s  ( l o w e r ) .  S t a t i o n  1 i s  in s h o r e ,  S t a t i o n  5 
i s  on th e  m idd le  o f  the  s h e l f  o f f  th e  Chesapeake Bay) and
a t  t h e  edge o f  t h e  s h e l f  o f f  H a t t e r a s .  See F ig u re  4 .2 .1
f o r  s t a t i o n  l o c a t i o n s .
F ig u re  4 . 2 . 8  75
L a t i t u d i n a l  d i s t r i b u t i o n  o f  c r o a k e r  c o n c e n t r a t i o n s  i n  
r e l a t i o n  to  t im e  o f  summer wind c e s s a t i o n .  C o n c e n t ra t io n s  
( # / t o w )  a r e  a v e r a g e  a b u n d a n c e  a t  e a c h  l a t i t u d e  f r o m  
c o n to u rs  such a s  th o se  i n  F ig u re  4 . 2 . 2 ,  M ature (on l e f t )  
c ro a k e r  -  s t a g e s  3 th r o u g h  6 i n c l u s i v e .  Im m atu re  (o n  
r i g h t )  c roaker  -  s ta g e s  1 and 2 .
F ig u re  4 . 2 . 9  81
Sub Model I  -  P a r t  1: A f l o w  c h a r t  o f  t h e  e f f e c t s  o f
summer wind c e s s a t i o n  on c r o a k e r  spaw n in g  and l a r v a e  
a v a i l a b l e  to  b e  r e c r u i t e d  in t o  th e  Chesapeake Bay.
CHAPTER 5
F ig u re  5 .1  86
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  t a k e n  by  t h e  VIMS t r a w l  
s u rv e y  w ith in  t h e  whole Chesapeake Bay sy s tem , J u ly  1976.
F ig u re  5 .2  87
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  t a k e n  by  t h e  VIMS t r a w l  
s u rv e y  w ith in  t h e  York R ive r  sy s tem  o n ly ,  J u l y  1976.
F ig u re  5 .3  90
Modal le n g th s  and ran g es  f o r  c r o a k e r  i n  J u l y  v e r s u s  t h e  
a v e ra g e  January -F ebruary -M arch  VIMS p ie r  te m p e ra tu r e .
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F ig u re  5 .4  92
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  i n  J u l y  1975 . N o te  th e  
ex tended  s i z e  range o f  0 f i s h .
F ig u re  5 .5  . 9 3
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  i n  J u l y  1 9 7 3 .  N o te  t h e  
b im odal s i z e  range o f  0 f i s h .
F ig u re  5 .6  95
Time s e r i e s  (1973-1980) o f  modal s i z e s  o f  c ro a k e r  i n  the  
Chesapeake Bay and n e a r s h o r e  r e g i o n .  Y ear  c l a s s e s  a r e  
s e p a r a t e d  b y  c u rv e d  v e r t i c a l  l i n e s .  A verage J a n u a ry -  
February-M arch te m p e ra tu re s  ( C) a r e  d e s i g n a t e d  b e tw e e n  
th e se  s e p a r a t i o n s .  C e s s a t io n  o f  summer wind i s  in d i c a te d  
by b a r s  in  th e  time s c a l e  a t  th e  b o t to m .
F ig u re  5.7 101
O v e r la y  o f  V i r g i n i a  c o m m e rc ia l  l a n d i n g s  o f  c r o a k e r  
( p o u n d s )  an d  y e a r l y  i n d e x  (YYR) f ro m  t h e  VIMS t r a w l  
survey  in  th e  York R iv e r  t h r e e  y e a rs  p r e v io u s ly .
CHAPTER 6
F ig u re  6 .1  106
The a r e a  o f  s tu d y ,  M id -A tla n t ic  B igh t from 39°N to  35°N, 
w ith  mean s u r f a c e  and b o t to m  f lo w  i n d i c a t e d  by a r r o w s .
O u tl in e  o f  a r e a  a t  th e  mouth o f  th e  Chesapeake Bay r e f e r s  
to  th e  i n s e r t s .  Bottom c u r r e n t s  a r e  i n t o  t h e  Bay mouth 
w i th  c a lm ,  n o r th e r l y  and s o u th e r ly  winds ( a f t e r  B o ic o u r t  
1981).
F ig u re  6 .2  108
Schematic diagram  of  spaw ning, t r a n s p o r t  and r e c r u i t m e n t  
o f  l a r v a l / j u v e n i l e  c ro a k e r s  in  r e l a t i o n  to  Chesapeake Bay 
tw o - la y e r  c i r c u l a t i o n .
F ig u re  6 .3  111
L e n g th /f re q u e n c y  d i s t r i b u t i o n  o f  l a r v a l  c r o a k e r  t a k e n  
from  d i s c r e e t  depth  ( s u r f a c e ,  1 m, 3 m, 6 m, and bottom ) 
p lan k to n  tows a t  t h e  C h e s a p e a k e  Bay m o u th ,  A u g u s t  and 
S ep te m b er  1 9 8 0 .  P l a n k t o n  c o l l e c t i o n s  p ro v id e d  by  the  
D ep a r tm e n t  o f  O c e a n o g ra p h y ,  Old D om in ion  U n i v e r s i t y ,  
N orfo lk ,  V i r g in i a .
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F ig u r e  6 .4  112
N o r f o l k  a i r p o r t ,  V i r g i n i a  t h r e e - h o u r l y  an d  sm oothed  
w inds, and c u r r e n t  m e te r  r e a d in g s  from Mooring 408A, n e a r  
t h e  C h e s a p e a k e  Bay m o u th ,  23 J u l y  -  16 A u g u s t  1974 . 
C a lc u la te d  w a te r  movement was based  on com parison o f  wind 
and w a te r  v e c t o r s .
F ig u r e  6 .5  122
S im u l t a n e o u s  d i s t r i b u t i o n  o f  number o f  a d u l t ,  number o f  
l a r v a e ,  an d  l a r v a l  l e n g t h s  f o r  1 9 7 3 .  Ten d a y  moving 
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a le  aB 
th e  d i s t r i b u t i o n  c h a r t s .  "Best"  4 0 - d a y  v e c t o r  i s  shown 
i n  b o l d ,  a b o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  time o f  
c e s s a t i o n  o f  th e  summer wind.
F ig u re  6 .6  123
S e q u e n t i a l  d i s t r i b u t i o n  o f  number o f  l a r v a e ,  l a r v a l  
l e n g t h s  and  number o f  a d u l t s  f o r  1974. Ten day  moving 
average  w a te r  v e c to r s  a r e  p l o t t e d  t o  t h e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B est"  40-day  v e c to r  i s  shown 
in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
F ig u r e  6 .7  124
S im u l ta n e o u s  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  and  l a r v a l  l e n g t h s  f o r  1 9 7 5 .  Ten d a y  m o v in g  
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a le  as  
th e  d i s t r i b u t i o n  c h a r t s .  "B est"  4 0 - d a y  v e c t o r  i s  shown 
i n  b o l d ,  a b o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  time o f  
c e s s a t i o n  o f  th e  summer wind.
F ig u r e  6 .8  125
S im ultaneous d i s t r i b u t i o n  o f  number o f  a d u l t s ,  num ber o f  
l a r v a e  a n d  l a r v a l  l e n g t h s  f o r  1 9 7 6 .  Ten d a y  moving 
average  w a te r  v e c to r s  a r e  p l o t t e d  t o  th e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B est"  40-day v e c to r  i s  shown 
in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
F ig u r e  6 .9  126
S e q u e n t i a l  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  an d  l a r v a l  l e n g t h s  f o r  1 9 7 7 .  Ten d a y  m o v in g  
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  the  same s c a le  as  
th e  d i s t r i b u t i o n  c h a r t s .  "Best"  4 0 -d a y  v e c t o r  i s  shown 
i n  b o l d ,  a b o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  time o f  
c e s s a t i o n  o f  th e  summer wind.
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F ig u re  6 .1 0
S e q u e n t i a l  d i s t r i b u t i o n  o f  number o f  l a r v a e ,  l a r v a l  
l e n g t h s  and num ber  o f  a d u l t s  f o r  1978. Ten day moving 
av e ra g e  w ate r  v e c t o r s  a r e  p l o t t e d  t o  t h e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t11 4 0 -d ay  v e c to r  i s  shown 
in  b o l d ,  above t i m e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w in d .
F ig u re  6 .11
S e q u e n t i a l  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  and  l a r v a l  l e n g t h s  f o r  1 9 7 9 .  Ten d a y  m o v in g  
a v e r a g e  w a te r  v e c t o r s  a r e  p l o t t e d  t o  th e  same s c a l e  as  
th e  d i s t r i b u t i o n  c h a r t s .  " B e s t"  4 0 -d a y  v e c t o r  i s  shown 
i n  b o l d ,  a b o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  tim e o f  
c e s s a t i o n  o f  t h e  summer w in d .
F ig u re  6 .1 2
S e q u e n t ia l  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  num ber o f  
l a r v a e  and l a r v a l  l e n g t h s  f o r  1 9 8 0 .  T h is  i s  t h e  on ly  
y ea r  i n  which two l a r v a l  c o l l e c t i o n s  w ere  a v a i l a b l e .  Ten 
d ay  m oving a v e ra g e  w ater  v e c t o r s  a re  p l o t t e d  to  th e  same 
s c a l e  as  th e  d i s t r i b u t i o n  c h a r t s .  " B e s t "  4 0 -d a y  v e c t o r  
i s  shown in  b o l d ,  above  t i m e  l i n e .  T r i a n g le  i n d i c a t e s  
t im e  o f  c e s s a t i o n  o f  the  summer wind.
F ig u re  6 .13
S im ultaneous d i s t r i b u t i o n  o f  number o f  a d u l t s ,  num ber o f  
l a r v a e  an d  l a r v a l  l e n g t h s  f o r  1 9 8 1 .  Ten d a y  m oving 
av e ra g e  w ate r  v e c t o r s  a r e  p l o t t e d  t o  t h e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t"  4 0 -d ay  v e c to r  i s  shown 
in  b o l d ,  above t i m e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  t h e  summer w in d .
F ig u re  6 .1 4
Maximum f a l l  i n d e x  r e g r e s s e d  a g a i n s t  t h e  wind
t r a n s p o r t  index  (WINDEX):
J MAX "  1 8 , 1 1  + ( 3 - 9 ° * W )  (0 .8 6 * W  ) .  The r e s u l t i n g  
e q u a t io n  and c u rv e  r e p r e s e n t  th e  e x t e n t  to  w hich c r o a k e r  
r e c r u i t m e n t  t o  t h e  Chesapeake Bay i s  de te rm ined  by w ind- 
induced  t r a n s p o r t ,  (R = 0 .6 2 ,  n = l l ) .
F ig u re  6 .1 5
Age in  days compared to  s ta n d a rd  l e n g t h  (mm) o f  c r o a k e r  
( a f t e r  Warlen 19 8 0 ) .
F ig u re  6 .16
E a s t /w e s t  components o f  N o r fo lk  a i r p o r t  w inds, 1973-1981, 
used  a s  i n d i c a t o r s  o f  o n s h o r e  t r a n s p o r t .  Boxed a r e a s  
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F ig u r e  6.17
V e r t i c a l  s e c t i o n  a t  t h e  C hesapeake  Bay mouth d e p ic t in g  
inward and outward f lo w ,  J u n e -J u ly  1980 ( a f t e r  B o ic o u r t  
1981), and September 1980 (W. B o ico u r t  p e r s .  comm.).
F ig u r e  6.18
A v erag e  (1 9 7 3 -1 9 8 0 )  m o n th ly ,  A u g u s t  t h r o u g h  J a n u a r y ,  
l e n g th / f r e q u e n c ie s  o f  c r o a k e r  show ing  i n c r e a s e  i n  s i z e  
and number over tim e and d i s ta n c e  in s h o r e .
F ig u r e  6.19
Sub M odel I  -  P a r t  2: The e f f e c t  o f  t r a n s p o r t  on l a r v a l
c roaker  r e c ru i tm e n t  i n t o  th e  Chesapeake Bay.
F ig u re  6.20
Sub M odel I :  The e f f e c t  o f  w in d  o n  l a r v a l  c r o a k e r
re c ru i tm e n t  in to  th e  Chesapeake Bay.
CHAPTER 7
F ig u re  7 .1
The Chesapeake Bay and i t s  t r i b u t a r i e s .  The l o c a t i o n  o f  
t h e  V i r g i n i a  I n s t i t u t e  o f  Marine s c ie n c e  (VIMS), on th e  
York R iv e r ,  i s  th e  s i t e  a t  which th e  w a t e r  t e m p e r a t u r e s  
were o b ta in e d .
F ig u r e  7 .2
Apr i  1 - S e p t  ember c r o a k e r  s u r v iv a l  index   ^^ SUM  ^ r e 6reBse<* 
on w in te r  te m p era tu re  (JFM), 1954-1982:- 
J onM = 118.07 -  ( 5 3 . 02*JFM) + (5.99*JFMZ) ,
( I  = 0 .7 8 ,  n= 2 9 ) .
F ig u re  7 .3
A ctua l and h in d c a s t  summer j u v e n i l e  i n d i c e s ,  1 9 5 4 -1 9 8 2 .  
H i n d c a s t  valuers  (JFM) a r e  c a l c u l a t e d  s o le y  from w in te r  
te m p e ra tu re s  (R = 0 .7 8 ,  n= 29).
F ig u re  7 .4
L inear  form  o f  the  A p r i1 -S ep t  ember c ro a k e r  s u r v i v a l  index 
( J  ) r e g r e s s e d  on th e  r e s u l t  o f  th e  m u l t i p l e  r e g r e s s io n  
e q u a t io n  in c o rp o r a t in g  w in te r  t e m p e r a t u r e  (JFM) and  th e  
October ju v e n i l e  in d e x :  „
-  92 .64  -  (4 0 .8 7 * JFM) + (4.48*JFMZ) + ( 0 . 4 9 ^ ™ ) ,  
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F ig u r e  7.5
A c tu a l  a n d  h i n d c a s t  summer j u v e n i l e  in d ic e s ,  1954-1982. 
H in d c a s t  v a l u e s  (OCT) a r e  c a l c u l a t e d  f ro m  O c t o b e r  
ju v e n i le  i n d i c e s  and w in t e r  te m p e ra tu re s ,
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c o n t o u r  ( d a s h e d )  and  t h e  w in d ,  s e a  l e v e l  and  c u r r e n t  
m e te r  s t a t i o n s .  H o o r i n g  408A  i s  L o c a t e d  n e a r  t h e  
C h e s a p e a k e  Bay mouth (from B ea rd s le y  and B o ic o u r t  1981).  
C u rre n t  m eter d a t a  from t h i s  s i t e  was used f o r  com parison 
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Appendix 6 . 2  -  F ig u re
L o c a t i o n  o f  14 s t a t i o n s  a t  t h e  Chesapeake Bay mouth a t  
which th e  d i s c r e e t  d e p th  p la n k to n  samples were c o l l e c t e d  
( J .  McConougha, ODU p e r s .  comm.).
Appendix 6 .3  -  Table
D o c u m e n t a t i o n  o f  l a r v a l  c r o a k e r  s p e c i m e n s  a n d  
p h o to g ra p h s »
Appendix 6 . 4  -  Text
N o rc ro ss ,  B. L .  and  R.  F .  Shaw. I n  p r e s s .  O c e a n i c  and 
e s t u a r i n e  t r a n s p o r t  of  f i s h  eggs and l a r v a e :  A rev iew .
T ra n s .  Am. F i s h .  Soc.  113(2)
Appendix 6 .5  -  F igure
Model  d e p i c t i n g  b e h a v i o r a l  r e s p o n s e  o f  p o s t - l a r v a l  
c r o a k e r  t o  t i d e  and  p h o t o p e r i o d  ( f rom  W eins te in  e t  a l .
1980) .
APPENDIX 7
Appendix 7 .1  -  F ig u re
L i n e a r  r e g r e s s i o n  o f  t h e  A pr i l -S ep tem ber  summer s u r v i v a l  
i n d e x  ( J „ 1M) on t h e  J a n u a r y - F e b r u a r y - M a r c h  a v e r a g e  
te m p e ra tu r e  ( JFM), 1954-1982.  (R = 0 . 6 1 ,  n=29)
Appendix 7 . 2  -  F igure
Q u a d r a t i c  r e l a t i o n s h i p  between t h e  summer s u r v i v a l  index 
( J „ n „ )  and  t h e  w i n t e r  t e m p e r a t u r e  ( J F M ) .  T h e  s e v e n  
c o l d e s t  y e a r s  i n  which t h e  t e m p era tu re  i s  t h e  predominant  
f a c t o r  a r e  l a b e l l e d .
Appendix 7 . 3 -  F igure
Q u ad ra t i c  r e l a t i o n s h i p ,  w i th  each p o i n t  l a b e l l e d  by  y e a r ,  
b e t w e e n  t h e  summer  s u r v i v a l  i n d e x  a n d  t h e  w i n t e r  
t e m p e ra tu r e  when i t  i s  g r e a t e r  th a n  4 . 5  C, 1954-1982.
Appendix 7 . 4  -  F igure
L inea r  r e g r e s s i o n  o f  t h e  A p r i l -S ep tem b er  summer s u r v i v a l  
i n d e x  ( J 01T„ ) . o n  t h e  O c t o b e r  j u v e n i l e  i n d e x  ( J - - ™ ) ,  
1954-1982 .SUi?R2= 0 . 6 2 ,  n=25) ° CT
Appendix 7 . 5  -  F igure
L in ea r  r e g r e s s i o n  o f  t h e  A p r i l -S ep tem b er  summer s u r v i v a l  
i n d e x  ( J g u j j )  on t *ie October  j u v e n i l e  index ex c lu d in g  the  
seven y e a r s  when th e  J a n u a r y - F e b r u a r y - M a r c h  t e m p e r a t u r e  
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Appendix 7 . 6 -  T a b le
M ul t ip le  r e g r e s s i o n  a n a l y s i s  of  t h e  summer s u r v i v a l  index 
( J sn„) from t h e  October j u v e n i l e  inde x  ( J nrT) and  w i n t e r  
t e m p e r a t u r e  ( J F M ) ,  1 9 5 4 - 1 9 8 2 .  D a t a  f o r  1 9 5 7  a r e  
excluded.
A p p e n d ix  7 .7  -  F i g u r e
Linear  form o f  the  A pr i l -S ep tem b er  c r o a k e r  s u r v i v a l  index 
( J qtju) r e g r e s s e d  on th e  r e s u l t  o f  t h e  m u l t i p l e  r e g r e s s i o n  
equat ion  in c o r p o r a t i n g  w i n t e r  t e m p e r a t u r e  (JFM) and  t h e  
October j u v e n i l e  index ( J QCT)» w i th  1957 d a t a  exc luded :
Appendix 7 .8  -  F i g u r e
A c t u a l  and  h i n d c a s t  summer j u v e n i l e  i n d i c e s ,  1954-1982.  
H i n d c a s t  v a l u e s  (OCT) a r e  c a l c u l a t e d  f r o m  O c t o b e r  
j u v e n i l e  i n d i c e s  and w i n t e r  t e m p e ra tu r e s  w i th  1957 da ta  
exluded (R = 0 .9 4 ,  n=24) .
Appendix 7 .9  -  T a b l e
M ul t ip le  r e g r e s s i o n  a n a l y s i s  of  th e  summer s u r v i v a l  index 
^r o a  t i^e w in te r  t e m p e ra tu r e  (JFM) and t h e  maximum 
f a l l  r e c r u i t m e n t  index above 5 .0°C ,  1954-1982.
Appendix 7.10 -  T ab le
M ul t ip le  r e g r e s s i o n  a n a l y s i s  of  th e  summer s u r v i a l  in d e x  
^SQM ^rom t *ie w in te r  t e m p e ra tu re  (JFM) and t h e  a d j u s t e d  
maximum f a l l  r e c r u i t m e n t  i n d e x  ( J ATlT) a b o v e  5 . 0 ° C ,  
1954-1982. AUJ
APPENDIX 8
Appendix 8.1 -  T ex t
D e t a i l s  o f  t h e  V i r g i n i a  and  N o r t h  C a r o l i n a  c r o a k e r  
f i s h e r y .
APPENDIX 9
Appendix 9.1 -  F i g u r e
L e n g th / f r e q u e n c ie s  of  c r o a k e r  on t h e  s h e l f  in  f a l l  months 
t a k e n  b y  MARMAP c r u i s e s ,  1 9 6 8 - 8 1  . L e n g th  a t  100% 
m a tu r i t y ,  b a s e d  on t ime o f  c e s s a t i o n  o f  summer w i n d s ,  and 
p e r  c e n t  o f  c a t c h  t h a t  i s  100% m a t u r e  i s  i n d i c a t e d  on 
each.
xxvi
L is t  o f  A ppend ices, C ontinued Page
Appendix 9 .2  -  F i g u r e
C o r r e l a t i o n  b e t w e e n  t h e  f a l l  r e c r u i t m e n t  i n d e x  i n  t h e  
C h e s a p e a k e  Bay and t h e  m a t u r e  c r o a k e r  t a k e n  by  f a l l  
MARMAP c r u i s e s  d iv ided  by a r e a  (nmi) occupied  by c ro a k e r  
d u r in g  th o s e  c o l l e c t i o n s  ( r  = 0 . 4 3 ,  n=14) .
Appendix 9.3 -  F ig u r e
C o r r e l a t i o n  b e t w e e n  MARMAP c r o a k e r  abundance and o t t e r  
t r a w l  l a n d in g s  i n  V i r g i n i a ,  ( r  = 0 . 8 4 ,  n= 9 ) .
Appendix 9 .4  -  F ig u r e
C o r r e l a t i o n  between Chesapeake Eay f a l l  r e c r u i t m e n t  index 
and the  combined V i r g i n i a  pound n e t  and g i l l  n e t  l a nd ings  
and North C a r o l in a  long h a u l  s e i n e  land ings  a d j u s t e d  f o r  
p e r c e n t  m a t u r i t y  ( r  = 0 . 5 9 ,  n = 2 8 ) . T h i s  i s  t h e  same 
r e l a t i o n s h i p  a s  F i g u r e  9 . 5 ,  b u t  t h e  m a t u r i t y  o f  t h e  
commercial  c a t c h  has been  e s t i m a t e d .
Appendix 9.5 -  F ig u r e
C o r r e l a t i o n  between y o u n g -o f - th e  y e a r  J u ly  modal s i z e  and 
t h e  A pr i l -Sep tem ber  index  of  y e a r - c l a s s  s t r e n g t h ,
( r  = 0 .2 0 ,  n = 2 5 ) .
Appendix 9.6 -  F i g u r e
C o r r e l a t i o n  between y o u n g - o f - t h e - y e a r  Ju ly  modal  s i z e  and 
t h e  t o t a l  V i r g i n i a - N o r t h  C a r o l i n a  c o m m e r c i a l  c a t c h  o f  
c ro a k e r  th e  p reced ing  y e a r ,  ( r  =* 0 . 1 1 ,  n=*25) .
APPENDIX 10
Appendix 10.1 -  F ig u r e
Summer 1983 y e a r  c l a s s  o f  c r o a k e r  ( J g ™  j « u  "  2 4 . 0 9 )  
p r e d i c t e d  from 1983 January-February-M arch  t e m p e r a t u r e .
Appendix 10.2 -  F ig u re
Summer 1983  y e a r  c l a s s  o f  c r o a k e r  ( Jctjm a  = 3 0 . 1 2 )  
p r e d i c t e d  from 1982 f a l l  wind- induced  t r a n s p o r t  and 1983 
January-February-M arch  t e m p e r a t u r e .
Appendix 10.3 -  F ig u r e
Summer 1983 y e a r  c l a s s  o f  c r o a k e r  ( ^ g ™  j m ,  = 118.29) 
p r e d i c t e d  f rom 1982 f a l l  maximun r e c r u i c d e n t  and  1983 
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ABSTRACT
A c o n c e p t u a l  l i f e  h i s t o r y  o f  t h e  A t l a n t i c  c r o a k e r  
( Micropogonias u n d u la tu s )  i d e n t i f i e s  t h e  e f f e c t s  o f  t h e  e n v i r o n m e n t  on 
j u v e n i l e  r e c r u i t m e n t .  I n  a  m u l t i - d i s c i p l i n a r y  approach  t o  m o d e l l i n g ,  
th e  major  e f f e c t s  a r e  i n v e s t i g a t e d ,  q u a n t i f i e d  and p r e s e n t e d  i n  a f l o w  
c h a r t .  The model i s  d iv id e d  i n t o  t h r e e  sub mode ls ,  each r e p r e s e n t i n g  a 
major component which a f f e c t s  j u v e n i l e  r e c r u i t m e n t .
N o r t h / s o u t h  spaw n ing  l o c a t i o n  in  t h e  M id -A t la n t i c  Bight  i s  
a f f e c t e d  by t h e  bo t tom  w ate r  t e m pera tu re  as i n f l u e n c e d  by th e  c e s s a t i o n  
o f  t h e  summer w i n d s  i n  r e l a t i o n  t o  t i m i n g  o f  c r o a k e r  m i g r a t i o n .  The 
p e l a g i c  phase  i s  t h e  most c r i t i c a l  t ime i n  the  l i f e  h i s t o r y  o f  a  l a r v a l  
c r o a k e r  a s  th e y  a r e  s u b je c t e d  to  wind- induced t r a n s p o r t  which may cause  
d i r e c t  l o s s  o f f  t h e  s h e l f  and  e n t r a i n m e n t  i n  t h e  G u l f  S t r e a m ,  o r  
i n d i r e c t  l o s s  b y  p r o l o n g i n g  t ime i n  t r a n s i t  t o  t h e  n u r s e r y  a r e a .  The 
magnitude o f  t h i s  w in d - in c lu d ed  e f f e c t  i s  a  f u n c t i o n  o f  t h e  d i r e c t i o n ,  
s t r e n g t h ,  d u r a t i o n  and t ime r e l a t i v e  t o  spawning and i s  in c o rp o r a t e d  in  
an e q u a t io n  t o  p r e d i c t  y e a r - c l a B s  s t r e n g t h  of  c r o a k e r .
The j u v e n i l e  c r o a k e r  o v e rw in te r  in  th e  Chesapeake Bay system.  
Winter  t e m p e ra tu re  i s  shown t o  be  t h e  p r e d o m i n a n t  v a r i a b l e  a f f e c t i n g  
y e a r - c l a s s  s u r v i v a l  t o  t h e  f o l l o w i n g  summer i n  v e r y  c o l d  y e a r s .  
However, in  v e ry  warm y e a r s ,  t h e  p r e d i c t i v e  c a p a b i l i t i e s  o f  t h e  model  
a r e  im proved  when a m e a s u r e  o f  f a l l  r e c r u i t m e n t ,  i . e .  w in d - in d u c e d  
t r a n s p o r t ,  i s  i n c o r p o r a t e d .
Croaker i s  b a s i c a l l y  a d e n s i t y - i n d e p e n d e n t  s to ck  a s ,  j u v e n i l e  
r e c r u i t m e n t  i s  e r r a t i c  a n d  d e p e n d e n t  u p o n  t h e s e  e n v i r o n m e n t a l  
p a r a m e t e r s .  The e f f e c t  o f  spawning s to c k  s i z e  i s  only  ap p a re n t  a f t e r  
acc o u n t in g  f o r  d e n s i t y - i n d e p e n d e n t  e f f e c t s ,  and s l i g h t l y  im p ro v e s  t h e  
ex p la in ed  v a r i a n c e  o f  th e  s t a t i s t i c a l  r e l a t i o n s h i p .
Y e a r - c l a s s  s t r e n g t h  and f i s h i n g  p r e s s u r e  c a u s e  i n t e r a n n u a l  
v a r i a b i l i t y  i n  com m erc ia l  c a t c h .  O v e r f i s h in g  a weak y ea r  c l a s s  reduce  
spawning p o t e n t i a l ,  and s e v e r a l  poor y e a r  c l a s s e s  i n  a row magnify t h i s .
The model ,  t e s t e d  f o r  the  1982-82 d a t a ,  p r e d i c t s  a  s t r o n g  yea r
c l a s s .
x x v i i i
Clim ate  S c a l e  E nv i ronm en ta l  F a c t o r s  A f f e c t i n g  
Y e a r - c l a s s  F l u c t u a t i o n s  o f  A t l a n t i c  C roaker  
(M icropogonias  u n d u la tu s )  i n  t h e  Chesapeake Bay
CHAPTER 1 
I n t r o d u c t  ion
C o n te m p o r a r y  f i s h e r i e s  a s s e s s m e n t  ( y i e l d  and  q u o t a s )  i s  
dependent  upon e n v i ro n m e n ta l ly  s t a t i c  y i e l d  m ode ls  ( A u s t i n  and Ingham 
1 9 7 8 )  w h i c h  o f t e n  p r o d u c e  l a r g e  r e s i d u a l s  due  t o  e n v i r o n m e n t a l  
f l u c t u a t i o n s  a c t i n g  on r e c r u i t m e n t  o r  a v a i l a b i l i t y . F i s h e r y  y i e l d  
m o d e l s  do n o t  u s u a l l y  c o n s i d e r  e f f e c t s  on f l u c t u a t i n g  e n v i ro n m e n ts  
(S i s s en w in e ,  Brown and Brennan-Hoskins 1978) .  There  i s  some r e c o g n i t i o n  
among b i o l o g i s t s  t h a t  h igh  r e c r u i t m e n t  and v a r i a b l e  y i e l d s  may be caused 
by env i ronm en ta l  f l u c t u a t i o n s .  I t  i s  n e c e s s a r y  t o  s e p a r a t e  t r e n d s  due 
t o  a l t e r a t i o n  i n  c l i m a t e  from e f f e c t s  due to  f i s h i n g  to  u n d e r s t a n d  th e  
p r o c e s s e s  c o n t r o l l i n g  s to c k  abundance ( N a t l .  Res. Coun.  1 9 8 0 ) .  F u t u r e  
e f f o r t s  t o  p r e d i c t  a b u n d a n c e  and d i s t r i b u t i o n  o f  s to ck s  must c o n s id e r  
t h e  i n f l u e n c e  o f  a b i o t i c  f a c t o r s  (A us t in  and Ingham 1978).
F i s h  s to c k  f l u c t u a t i o n s  a r e  g e n e r a l l y  due to  d e n s i t y -d e p e n d e n t  
f a c t o r s ,  f i s h i n g  p r e s s u r e ,  p r e d a t i o n ,  env i ronm en ta l  inB u l t  ( p o l l u t i o n ) ,  
and n a t u r a l  env i ronm enta l  v a r i a t i o n s .  Each f a c t o r  i s  r e s p o n s i b l e  f o r  a 
p e r c e n t a g e  o f  t h e  i n t e r a n n u a l  v a r i a t i o n s  i n  s t o c k  a b u n d a n c e  o r  
d i s t r i b u t i o n .  F i s h e r i e s  s c i e n c e  p r e s e n t l y  i s  c a p a b l e  o f  m e asu r ing  
f i s h i n g  p r e s s u r e  w i t h  r e a s o n a b l e  a c c u r a c y .  E n v i r o n m e n t a l  i n s u l t  i s  
c a u s in g  i n c re a s i n g  co n c e rn ,  bu t  as  y e t ,  i n  most c a s e s  t h e r e  i s  no method 
o f  a c c u r a t e  e s t i m a t i o n  o f  t h e  c h ro n ic  e f f e c t s .  N a tu r a l  v a r i a t i o n  i n  the
2
3e n v i r o n m e n t  a l s o  a c c o u n t s  f o r  l a r g e  i n t e r a n n u a l  f l u c t u a t i o n s  i n  
abundance,  d i s t r i b u t i o n  and r e c r u i t m e n t .
Two ty p e s  o f  " r e c r u i t m e n t "  need t o  be  recogn ized— t o  th e  s tock  
a s  e g g s  and l a r v a e  a n d  t o  t h e  f i s h e r y  a s  a d u l t s .  S i g n i f i c a n t  
r e l a t i o n s h i p s  h a v e  been  demonst ra ted  b e tv e e n  env i ronm enta l  e f f e c t s  and 
l a r v a l  r e c r u i t m e n t  ( C u s h i n g  and D i c k s o n  1976 ,  H u n t e r  1 9 7 6 ,  K e l s o n ,  
Ingham and S c h a a f  1977 ,  Lasker  1978, Lough, Bolz ,  G r o s s l e i n  and P o t t e r  
1979,  A pplegate  1983) ,  thuB a f f e c t i n g  r e c r u i t m e n t  t o  t h e  f i s h e r y .  The 
c u r r e n t  p r a c t i c e  i s  t o  i n t e g r a t e  p r o c e s s e s  o f  a v a i l a b l e  c a t c h  d a t a  
( s t o c k  s i z e )  v i t h  j u v e n i l e  assessm ent d a t a  ( r e c r u i t m e n t )  a n d ,  by  means 
o f  s t o c k - r e c r u i t m e n t  f u n c t i o n s ,  t o  d e v e l o p  c a t c h  c u r v e s .  T h e s e  
f u n c t i o n s  may p r o v id e  poor  f i t s  e s p e c i a l l y  on th e  j u v e n i l e  s t a g e ,  due to  
u n a c c o u n t e d  f o r  e n v i r o n m e n t a l  e f f e c t s  ( S i s s e n w i n e  e t  a l .  1 9 7 8 ) .  
Chap te r  2 ,  Environmenta l  V a r ia b l e s  I n  Marine F i s h e r y  Models! Why? When? 
How? . d i s c u s s e s  t h e  p u r p o s e s ,  u s e s ,  and problems o f  b io - e n v i ro n m e n ta l  
m ode l l ing  in  t h e  marine  env i ronment.
I n v e s t i g a t i o n  and q u a n t i f i c a t i o n  o f  the, env i ronm en ta l  f a c t o r s  
c o n t r o l l i n g  a s p e c i f i c  f i s h ,  t h e  A t l a n t i c  c r o a k e r  ( M i c r o p o e o n i a s  
u n d u l a t u s ) . i s  t h e  p u r p o s e  o f  t h i s  d i s s e r t a t i o n  ( F i g u r e  1 * 1 ) .  
I n t e r a n n u a l  f l u c t u a t i o n s  in '  t h e  p h y s i c a l  environment o f  lower Chesapeake 
Bay a n d  i t s  t r i b u t a r i e s  and c o n t i n e n t a l  s h e l f  s e a w a rd  o f  t h e  Bay 
e n t r a n c e  i s  hy p o th e s i z e d  t o  cause co n c u r r e n t  f l u c t u a t i o n s  i n  a b u n d a n c e  
o f  y o u n g - o f - t h e - y e a r  c ro a k e r  i n  th e  Chesapeake Bay. The an n u a l  " s i g n a l  
t o  n o i s e "  r a t i o  i s  p o o r  and o n l y  becomes  d i s c e r n i b l e  when d a t a  a r e  
e x a m i n e d  o v e r  l o n g  t i m e  p e r i o d s  ( d e c a d e s  o r  l o n g e r ) .  Time s e r i e s  
a n a l y s e s  a l l o w  c a u s e  and  e f f e c t  r e l a t i o n s h i p s  t o  b e  i d e n t i f i e d  
e m p i r i c a l l y ,  q u a n t i f i e d  s t a t i s t i c a l l y ,  and m o d e l l e d  c o n c e p t u a l l y .
F ig u re  1.1
O v e r v i e w  o f  m ode l  d e v e l o p e d  i n  t h i s  d i s s e r t a t i o n  t o  
p r e d i c t  c ro a k e r  r e c r u i t m e n t .  C h a p t e r  numbers  i n d i c a t e  
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5B i o l o g i c a l  f a c t o r s  mus t  b e  c o n s i d e r e d  bo t h a t  a  r e l a t i o n s h i p  i s  n o t  
assumed t o  b e  e n v i r o n m e n t a l l y  c a u s e d  when i t  r e a l l y  has a b i o l o g i c a l  
b a s i s .  The dynamics o f  b i o - e n v i r o n m e n t a l  l i n k s  m u s t  b e  u n d e r s t o o d ,  
a l l o w i n g  one to  b e g i n  w i th  a c o n c e p tu a l  model and a p r i o r i  knowledge on 
which t o  base  a s e a r c h  f o r  r e l a t i o n s h i p s  ( A u s t in  and Ingham 1978) .  Such 
an  a p r i o r i  model i s  developed  i n  Chap te r  3 ,  Conceptua l  L i f e  H i s t o r y  o f  
A t l a n t i c  C ro a k e r . Th is  c h a p t e r  r ev iew s  t h e  l i t e r a t u r e  on c r o a k e r  and 
o u t l i n e s  s i g n i f i c a n t  p h y s i c a l  f a c t o r s  which a r e  t h e  b io - e n v i ro n m e n t a l  
b a s e s  o f  t h e  m ode l l ing  p r o c e s s  in  t h i s  d i s s e r t a t i o n .  I t  alBo d i s c u s s e s  
o t h e r  f a c t o r s  n o t  inc luded  in  t h i s  s tu d y  (F ig u re  1 . 1 ) .
The A t l a n t i c  c r o a k e r  h a s  b e e n  c h o s e n  f o r  t h i s  s t u d y  f o r  a 
v a r i e t y  o f  r e a s o n s :  1 )  c o m m e r c i a l  i m p o r t a n c e ,  2 )  d o c u m e n t e d
e n v i ro n m e n ta l ly  induced abundance f l u c t u a t i o n s  (H i ldebrand  and Schroeder 
1 9 2 7 ,  R i c h a r d s  1 9 6 5 ,  S c h w a r t z  1 9 6 4 ,  J o s e p h  1 9 7 2 ,  W o jc ik  1 9 7 8 ) ,  3)  
s u s c e p t i b i l i t y  o f  y o u n g - o f - t h e - y e a r  t o  t h e  b o t t o m  t r a w l  g e a r  u s e d  i n  
surveys  in  t h e  deep channe ls  o f  t h e  r i v e r s ,  4)  t h e i r  comple teness  in  t h e  
2 9 -yea r  s u rvey ,  and 5) c o n c u r r e n t  p h y s i c a l  d a t a .  .Because o f  t h e  r a r i t y  
o f  two matching d a t a  s e t s  e x i s t i n g  in  t h e  same l o c a l i t y  and cover ing  t h e  
same t ime sp an ,  t h e r e  i s  o f t e n  a need f o r  p roxy  d a t a  ( A u s t in  and Ingham 
1 9 7 8 ) .  The VIHS b o t t o m  t r a w l  s u r v e y  was used as th e  main b i o l o g i c a l  
d a t a  b a s e .  Other d a t a  a r e  u s e d  i n  v a r i o u s  a s p e c t s  o f  t h i s  r e s e a r c h ,  
i n c l u d i n g  N o r f o l k  A i r p o r t  w i n d ,  VIMS p i e r  t e m p e r a t u r e s ,  and bo t tom 
t e m p e r a t u r e s ,  and a d u l t  and l a r v a l  a b u n d a n c e  and  d i s t r i b u t i o n  f ro m  
MARMAP surveys  (Appendix 1 .1  -  T a b l e ) .
F i s b  m i g r a t e  i n  c o m p l i c a t e d  y e t  i n t e g r a t e d  e n v i r o n m e n t a l  
s y s t e m s ,  o f t e n  making  i t  d i f f i c u l t  t o  i d e n t i f y  and  q u a n t i f y  t h e i r  
f l u c t u a t i o n s .  Consequen t ly ,  b io - e n v i r o n m e n t a l  m o d e l l i n g  o f  f i s h  would
6p r o v i d e  an  e f f i c i e n t  management t o o l .  H e r e ,  e a c h  b io - e n v i ro n m e n t a l  
r e l a t i o n s h i p  i s  ana lyzed  i n d i v i d u a l l y  and r e f e r r e d  t o  a s  a Sub M o d e l .  
These  r e l a t i o n s h i p s  a r e  used  t o  i d e n t i f y  th e  p e r c e n t  o f  t h e  y e a r  t o  y e a r  
v a r i a b i l i t y  a t t r i b u t a b l e  t o  n a t u r a l  f l u c t u a t i o n s .  I d e n t i f y i n g  f a c t o r s  
i n f l u e n c i n g  y e a r - c l a s s  B t r e n g t h  w i l l  a i d  i n  a m o re  c o m p l e t e  
u n d e r s t a n d i n g  o f  t h e  p o p u l a t i o n  as a  whole.
C r o a k e r  spawn i n  t h e  f a l l  on t h e  s h e l f  and th e  l a r v a e  a r e  
t r a n s p o r t e d  i n t o  t h e  Bay w h e r e  t h e y  o v e r w i n t e r  a s  j u v e n i l e s .  
E x p l o r a t o r y  a n a l y s e s  o f  h i s t o r i c  d a t a  and p u b l i c a t i o n s  o f  t h e  c ro a k e r  
and env i ronm en ta l  p a r a m e te r s  a f f e c t i n g  them r e v e a l e d  t h e  n e c e s s i t y  o f  
c r i t i c a l  i n v e s t i g a t i o n s  o f  t h e  spawning and l a r v a l  s t a g e s .  Chapter  4 .1  
e s t a b l i s h e s  a R e l a t i o n s h i p  Between th e  Mer idonal  Wind Component and F a l l  
B o t to m  T e m p e r a t u r e s  i n  t h e  M i d - A t l a n t i c  B i g h t . Based on t h e  s e a s o n a l  
wind s h i f t  and bo t tom te m p era tu re  r e l a t i o n s h i p  d e m o n s t r a t e d  i n  C h a p t e r  
4 . 1 ,  C h a p t e r  4 . 2  i n v e s t i g a t e s  Spawning Times and L o ca t io n s  o f  A t l a n t i c  
C r o a k e r  i n  t h e  M i d - A t l a n t i c  B i g h t . T h e s e  two p a r t s  o f  C h a p t e r  4 
compri se  F a r t  1 o f  Sub Model X (F ig u r e  1 . 1 ) .
The i d e a s  and te c h n iq u e s  from t h e  Sub Models a r e  i n c o r p o r a t e d  
i n t o  a  model  w h ich  i n t e g r a t e s  c r o a k e r  a b u n d a n c e  and e n v i r o n m e n t a l  
f l u c t u a t i o n  ( F i g u r e  1 . 1 ) .  T h i s  t y p e  o f  s t u d y  would  n o t  b e  p o s s i b l e  
w i t h o u t  t h e  29 -yea r  VIMS York R ive r  bo ttom t r a w l  su rv ey  t o  s e r v e  as t h e  
p r im a ry  b a s e  o f  t h e  model .  The l e n g th  and c o m p l e t e n e s s  o f  t h e  s u r v e y  
d a t a  (1953-82)  i s  un ique  on t h e  e a s t  c o a s t .  VIMS bo t tom t r a w l  d a t a  have 
been  used f o r  numerous s t u d i e s  (Massmann and Pacheco 1960,  Pacheco 1962, 
Massmann 1 9 6 2 ,  J o s e p h  1966,  Grant  and Joseph 1968, Joseph  1972,  Markle 
1976) b u t  neve r  a s  a u n i t  t i m e  s e r i e s  t o  e v a l u a t e  a  s i n g l e  s p e c i e s .  
C h a p t e r  5 ,  J u v e n i l e  A t l a n t i c  Croak e r ,  d e s c r i b e s  t h i s  d a t a  b a s e  and t h e
d e r i v a t i o n  o f  t h e  f a l l  and Bummer j u v e n i l e  in d i c e s  on which t h e  model i s  
b ased  (F ig u re  1 . 1 ) .
S i g n i f i c a n t  env i ronm en ta l  f o r c i n g  may occur  on th e  s h e l f  ( e . g .  
G u l f  S t r e a m  p o s i t i o n ,  Ekman t r a n s p o r t ,  f o r a g e ) .  The e f f e c t s  o f  
T r a n s p o r t  o f  L a rv a l  Croaker I n t o  t h e  Chesapeake Bay a r e  i n v e s t i g a t e d  i n  
C h a p t e r  6 .  T h i s  c o m p r i s e s  P a r t  2 o f  Sub Model 1 .  The o u t p u t  from 
Sub Model I ,  w h ic h  p r e d i c t s  f a l l  j u v e n i l e  c r o a k e r  a b u n d a n c e  i n  t h e  
Chesapeake Bay, i s  i n p u t  to  Sub Model I I  (F ig u re  1 . 1 ) .
The e f f e c t s  o f  w i n t e r  t e m p e r a t u r e s  on y o u n g - o f - t h e - y e a r  
c r o a k e r s  and  t h e  r e s u l t a n t  e f f e c t  on t h e  f i s h e r y  two y e a r s  l a t e r  have 
been shown (Wojcik 1978) .  Warm w i n t e r s  ( 1 9 7 6 )  y i e l d  good  c a t c h e s  two 
y e a r s  l a t e r  and co ld  w i n te r s  (1918,  1958, 1977) ,  poor  ca tcheB .  S im i l a r  
e f f e c t s  have been  no ted  in  th e  Chesapeake Bay f o r  o t h e r  s c i a e n i d s ,  i . e . ,  
w e a k f i s h  (Cynoscion r e e a l i s )  and s po t  (Leiostomus x a n th u ru s )  (H i ldebrand  
and S c h r o e d e r  .1 9 2 8 ) .  C h a p t e r  7 ,  E f f e c t s  o f  W i n t e r  T e m p e r a t u r e  o n  
S u r v i v a l  o f  J u v e n i l e  C r o a k e r , q u a n t i f i e s  t h i s  as  Sub Model I I  ( F i g u r e
1 . 1 ) .  I t  t h e n  in c o r p o r a t e s  t h e  r e l a t i o n s h i p  e s t a b l i s h e d  i n  Sub Model  I  
t o  c a l c u l a t e  y e a r - c l a s s  s t r e n g t h  o f  j u v e n i l e  c roake r  a t  age 0 .
Chap te r  8,  The A t l a n t i c  Croaker  F i s h e r y ,  examines t h e  h i s t o r y  
o f  t h e  f i s h e r y  i n  l i g h t  o f  t h e  p r e v i o u s l y  d e f i n e d  e n v i r o n m e n t a l  
r e l a t i o n s h i p s .  In  a n a ly z in g  t h i s  d a t a  f o r  p o t e n t i a l  b i o - e n v i r o n m e n t a l  
i n t e r a c t i o n s ,  t h e  d e g r e e  o f  d e n s i t y - i n d e p e n d e n c e  m u s t  a l s o  b e  
e s t a b l i s h e d  ( P a r r i s h  a n d  M a c C a l l  1 9 7 8 ) .  T h e r e f o r e ,  C h a p t e r  9 ,  
S p a w n e r - R e c r u i t  R e l a t i o n s h i p ;  D e n s i t v - D e p e n d e n c e  v e r s u s  
D e n s i t y - i n d e p e n d e n c e . i n v e s t i g a t e s  t h i s .  B o t h  C h a p t e r s  8 a n d  9 
r e c o g n i z e  t h a t  s t o c k  s i z e  i s  s t r o n g l y  c o n t r o l l e d  by e n v i r o n m e n t a l  
e f f e c t s  on y e a r - c l a s s  s t r e n g t h ;  t h i s  c o m p r i s e s  Sub Model I I I  ( F i g u r e
81 . 1 ) .  F i s h i n g  p r e s s u r e ,  t h e  n e c e s s i t y  o f  m a i n t a i n i n g  a sp aw n in g  
p o p u l a t i o n ,  and management recommendations a r e  d i s c u s s e d .
T h i s  s t u d y  p ro v id e s  s t a t i s t i c a l  and c o n c e p tu a l  r e l a t i o n s h i p s  
b e t w e e n  l a r v a l  a n d  j u v e n i l e  c r o a k e r  a n d  t h e i r  s h e l f  and  r i v e r  
e n v i r o n m e n t  and develops  a model t o  r e f l e c t  th e  e f f e c t  o f  env i ronm enta l  
f a c t o r s  on the  v a r io u s  l i f e  s t a g e s  o f  t h e  c roake r  p o p u l a t i o n .  R e s u l t s  
from a l l  t h e  Chap ters  a r e  used  t o  d e te rm in e  th e  env i ronm en ta l  p a ram e te r s  
which a f f e c t  the  p o p u l a t i o n .  The t y p e  o f  r e l a t i o n s h i p  c o n s i d e r e d  i s  
d e f i n e d  c o n c e p t u a l l y  f ro m  k n o w le d g e  o f  r e s p o n s e  o f  c r o a k e r  t o  i t s  
env i ronm en t .  I n c o r p o r a t i o n  o f  th e  t ime l a g  between env i ronm en ta l  even ts  
and m e a s u r e d  b i o l o g i c a l  e f f e c t  have been i n f e r r e d  and suppo r ted  by th e  
r e s e a r c h .  The p h y s i c a l l y  and b i o l o g i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p s  and 
p a r a m e t e r s  a r e  u s e d  t o  s t a t i s t i c a l l y  d e v e lo p  a model t o  f o r e c a s t  th e  
c roake r  p o p u l a t i o n .  ThiB i s  t e s t e d  i n  C h a p t e r  1 0 ,  A p p l i c a t i o n  o f  t h e  
Model. by p r e d i c t i n g  th e  1982-83 yea r  c l a s s  o f  c r o a k e r  in  th e  Chesapeake 
Bay.
The u l t i m a t e  g o a l  o f  t h i s  r e s e a r c h  i s  t o  i d e n t i f y  and q u a n t i f y  
t h e  i n t e r r e l a t i o n s h i p  o f  t h e  A t l a n t i c  c r o a k e r  and  i t s  e n v i r o n m e n t  i n  
such a manner as t o  i n c o rp o r a t e  th iB  knowledge i n t o  s tock  assessm ent  and 
y i e l d  p r e d i c t i o n  models .  Th is  work i n v e s t i g a t e s  t h e  l i f e  h i s t o r y  o f  th e  
A t l a n t i c  c ro ak e r  over  t ime and space ,  and i d e n t i f i e s  s i g n i f i c a n t  f a c t o r s  
a c t i n g  on  d i f f e r e n t  c r u c i a l  l i f e  h i s t o r y  s t a g e s .  The s i g n i f i c a n t  
f i n d i n g s  o f  t h i s  d i s s e r t a t i o n  a r e  l i s t e d  in  Chapte r  11,  Model Summary.
CHAPTER 2
Environmenta l  V a r iab le s  i n  Marine F i s h e r y  Models 
Why? When? How?
INTRODUCTION
This  i s  a rev iew  c h a p t e r .  I t s "  pu rpose  i s  no t  to  p r e s e n t  new 
i n s i g h t  i n t o  t h e  u s e  o f  e n v i r o n m e n t a l  v a r i a b l e s  i n  m a r i n e  f i s h e r y  
models ,  no r  t o  r e i t e r a t e  what  c a n  be  f o u n d  i n  s e v e r a l  c o m p r e h e n s i v e  
r e v i e w s  ( C u s h i n g  and  D i c k s o n  1 9 7 6 ;  P e l l a  1979 ;  Bardach  and S a n t e r r e  
1981) .  The purpose i s  p ro v id e  a  background o f  t h i s  a s p e c t  o f  f i s h e r i e s .
R e c r u i t m e n t  f l u c t u a t i o n  d e p e n d s  on  i n t e r a n n u a l  p h y s i c a l  
env i ronm en ta l  v a r i a b i l i t y .  T h i s  d e p e n d e n c y  i s  a t t r i b u t e d  by  C u s h in g  
( 1 9 7 5 )  t o  Rub s e l l ' s  ( 1 9 3 0 )  m a t c h - m i s m a t c h  concep t  between t h e  s p r in g  
bloom and spawning.  This  o b s e r v a t i o n  has s e rv ed  t o  s t a r t  a long l i n e  o f  
o b s e r v a t i o n s  a nd /o r  r e s e a r c h  a t t e m p t in g  t o  p i n p o i n t  t h e  l a r v a l  s t a g e  as 
t h e  most s u s c e p t i b l e  t o  e n v i r o n m e n t a l  p e r t u r b a t i o n s .  The NMFS/EDIS 
s p o n s o r e d  C l i m a t e  and F i s h e r i e s  Workshop i n  1976 p r o p o s e d  s e v e r a l  
s i m p l i s t i c  recommendations .  The 1978 C l i m a t e  and  F i s h e r i e s  Workshop 
t h e n  d e t a i l e d  a n u m b e r  o f  r e q u i r e m e n t s  n e c e s s a r y  t o  f o l l o w  t h e  
recommended m ode l l ing  planB t h r o u g h .  Th is  l a t t e r  workshop ex p re s s e d  t h e  
c o n s e n s u s  t h a t  i t  would be  " e a s i e r  to  deve lop  c l i m a t e / f i s h e r i e s  models 
f o r  th o s e  s p e c i e s  which need f a v o r a b l e  c i r c u l a t i o n  p a t t e r n s  t o  c o n t r o l
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l a r v a l  s u r v i v a l  t h a n  f o r  s p e c i e s  w h o s e  s u r v i v a l  i s  g e a r e d  t o  a 
match/mismatch  o f  e i t h e r  food o r  p r e d a t o r s . "
DISCUSSION
Need and R eco g n i t io n
To b e  a d d r e s s e d  h e r e  a r e  t h e  "Why?", "When?" and "How?" t h a t  
have emerged from d e c i s i o n s  to  i n c o r p o r a t e  env i ronm en ta l  v a r i a b l e s  i n t o  
f i s h e r i e s  r e c r u i t m e n t  and  y i e l d  m o d e l s .  The "Why?" and "When?" a r e  
r e l a t i v e l y  s t r a i g h t - f o r w a r d .  I t ' s  t h e  "How?" which i s  c o m p l i c a t e d  and 
may be  d i f f i c u l t  t o  q u a n t i f y  or  implement.
"Why"— because  Cushing (1 9 7 5 ) ,  Lasker  ( 1978 )  and  o t h e r s  h a v e  
d e m o n s t r a t e d  r e l a t i o n s h i p s  b e t w e e n  p h y s i c a l  f o r c i n g  f a c t o r s ,  l a r v a l  
f o r a g e ,  and r e c r u i t m e n t .  The g o a l  o f  t h e  J o i n t  I0C/FA0 M e e t i n g  o f  
E x p e r t s  on  Ocean  S c i e n c e s  i n  R e l a t i o n  t o  L iv ing  Resources  (OSLR) , was 
t o  i d e n t i f y  r e s e a r c h  r e q u i r e m e n t s  c o n c e n t r a t i n g  o n  q u e s t i o n s  o f  
r e c r u i t m e n t  and p r e d a t i o n  (Bakun,  Beyer ,  P a u l y ,  Pope and Sharp 1 9 8 2 ) .  A 
schematic  l i f e  c y c l e  o f  f i s h e s  d e p i c t i n g  t h e  l i f e  c y c l e  as a c i r c l e  was 
d i v i d e d  i n t o  q u a d r a n t s  r e p r e s e n t i n g  t h e  m a j o r  s t a g e s :  (1 )  eggs and
l a r v a e ,  ( 2 )  j u v e n i l e s ,  ( 3 )  n o n r e p r o d u c i n g  a d u l t s ,  and  (4 )  s p a w n in g  
a d u l t s .  V u l n e r a b l e  p e r i o d s  i n  t h e  l i f e  h i s t o r y  w ere  r e l a t e d  t o  
env i ronm en ta l  f a c t o r s .  The concep t  waB advanced o f  c o m b in in g  d e n s i t y -  
d e p e n d e n t  ( e . g .  p r e d a t i o n ,  g r o w t h  r a t e ,  s t a r v a t i o n )  and d e n s i t y -  
i n d e p e n d e n t  ( e . g .  t r a n s p o r t ,  t e m p e r a t u r e )  r e l a t i o n s h i p s  b y  
m a t h e m a t i c a l l y  i n c o r p o r a t i n g  e n v i r o n m e n t a l  f a c t o r s  i n t o  s t a n d a r d  
p o p u l a t i o n  dynamics e q u a t i o n s .
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T h e  p a s s a g e  o f  t h e  M a g n u s o n  F i s h e r y  C o n s e r v a t i o n  and 
M a n a g e m e n t  A c t  o f  1976  h a s  e m p h a s i z e d  t h e  n e e d  f o r  g r e a t e r  
u n d e r s t a n d i n g  o f  f a c t o r s  t h a t  d e t e r m i n e  t h e  v a r i a b i l i t y  i n  f i s h  
p r o d u c t i o n  and d i s t r i b u t i o n » F e d e r a l  and s t a t e  management p l a n s  c a n n o t  
t o l e r a t e  ±50% p r e d i c t i o n s  t h a t  have been  g e n e r a t e d  by e n v i ro n m e n ta l ly  
s t a t i c  f i s h e r y  y i e l d  models .  B i o l o g i s t s  a r e  b e g i n n i n g  t o  a c k n o w le d g e  
t h a t  h i g h l y  f l u c t u a t i n g  y i e l d s  may be caused by n a t u r a l  env i ronm en ta l  
v a r i a b i l i t y ,  making i t  n e c e s s a r y  t o  s e p a r a t e  t r e n d s  due t o  a l t e r a t i o n  in  
c l i m a t e  from e f f e c t s  due to  f i s h i n g .
Time S ca le s
"When?" r ead  as  when should  t h i s  approach  be implemented,  can 
b e  answered s imply w i th  "as  soon as p o s s i b l e . "
" W h e n " ,  i n  t e r m s  o f  t h e  t i m e  s c a l e s  o f  a n a l y s e s ,  i s  
com p l ica ted  because  frames o f  r e f e r e n c e  and n e e d s  v a r y  d e p e n d i n g  upon  
t h e  s y s t e m  o r  s t o c k .  Changes in  f i s h  p o p u l a t i o n s  over  long t ime s c a l e s  
(decades  t o  c e n t u r i e s )  may b e  r e l a t e d  t o  c l i m a t i c  s c a l e  warming  and 
c o o l i n g  t r e n d s  in  th e  e a r t h ' s  h e a t  b u d g e t .  There was a 6 5 -y e a r  warming 
t r e n d  f r o m  1880  t o  1945  w h i c h  c a u s e d  d i s t r i b u t i o n a l  c h a n g e s ,  
p e n e t r a t i o n  o f  h i g h e r  l a t i t u d e s  b y  " s o u t h e r n "  sp e c ie s  ( e . g . ,  t h e  cod 
o f f  w e s t e r n  G r e e n l a n d )  and i n c r e a s e d  y e a r - c l a s s  s t r e n g t h s  i n  t h e  
n o r t h e a s t  A t l a n t i c  ( C u s h i n g  and  D i c k s o n  1 9 7 6 ) .  T h e r e  a r e  l a r g e  
f l u c t u a t i o n s  in  Burface t e m p e ra tu re  and s a l i n i t y  on a t i m e  s c a l e  o f  1 
t o  10 y e a r s .  During t h e  1956 to  1959 warm p e r io d  on th e  P a c i f i c  c o a s t ,  
w a te r  t e m p era tu re  waB p o s i t i v e l y  c o r r e l a t e d  w i t h  i n c r e a s e d  n o r t h w a r d  
c a t c h  o f  s u b t r o p i c a l  s p e c i e s  a long t h e  C a l i f o r n i a  c o a s t  (Radovich 1976) .
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The t i n e  s c a l e  o f  an E l  Nino e v e n t  i s  1 t o  2 y e a r s .  D u r i n g  
t h a t  t i m e ,  a n o m a l i e s  o f  t e m p e r a t u r e  and s a l i n i t y  r e s u l t  i n  geog raph ic  
c h a n g e s  o f  c e n t e r s  o f  a n c h o v e t a  a b u n d a n c e  and a v a i l a b i l i t y  w h i c h  
a d v e r s e l y  a f f e c t  t h e  f i s h e r y  (F ig u re  2 . 1 ) .  Seasonal  c y c l e s  on a s c a l e  
o f  wedcs or  months,  may impact p r im ary  p r o d u c t i o n ,  b e  m a g n i f i e d  up t h e  
f o o d  c h a i n  and a f f e c t  y e a r - c l a B S  s t r e n g t h .  On a s h o r t e r  t ime s c a l e ,  
s to rms  c a n  c a u s e  a  d i s r u p t i o n  o f  fo o d  s u p p l y  ( L a s k e r  1978)  and c a n  
e f f e c t  r e c r u i t m e n t  i f  t h e y  happen  d u r in g  t ime o f  f i r s t  f e e d in g  ( e . g . ,  
H u r r i c a n e  A g n es ) . I n d i v i d u a l  f i s h  l a r v a e  B u r v i v e  i n  a  m i c r o s c a l e  o f  
t i m e  and  s p a c e ,  b u t  y e a r - c l a s s  s t r e n g t h  i s  p ro b ab ly  governed by meso- 
s c a l e  e v e n t s  (such  as  wind s t r e n g t h ,  d u r a t i o n  and d i r e c t i o n )  which a l t e r  
t h e  m i c r o - s c a l e  h a b i t a t .
F i s h e r y  h y d r o g r a p h y  i s  t h e  s t u d y  o f  i n t e r r e l a t i o n s h i p s  o f  
o c e a n o g r a p h y ,  m a r i t i m e  m e t e o r o l o g y ,  a q u a t i c  e c o l o g y  and  p r a c t i c a l  
problems in  f i s h e r i e s .  These a r e  r e l a t e d  t o  p r o d u c t i v i t y  o f  o c e a n s ,  
f i s h e r y  r e s o u r c e s ,  b e h a v i o r ,  a v a i l a b i l i t y  o f  f i s h ,  and e f f e c t B  o f  
oceanograph ic  and m e t e o r o l o g i c a l  c o n d i t i o n s  on t h e  c o n d u c t  o f  f i s h e r y  
( H e l a  and  L a e v a 6 t u  1 9 6 1 ) .  An e x t e n s i o n  o f  t h i s  r e c o g n i t i o n  o f  t h e  
c o n n e c t io n s  be tw een  b i o l o g i c a l  and  p h y s i c a l  s y s t e m s  i s  a new h y b r i d  
s c i e n c e  o f  " f i s h e r y  c l i m a t o lo g y " .  I t s  goa l  i s  t h e  a p p l i c a t i o n  o f  t h i s  
combined knowledge t o  remove some o f  t h e  u n c e r t a i n i t i e s  a s s o c i a t e d  w i t h  
v a r i a t i o n s  i n  f i s h  d i s t r i b u t i o n  o r  abundance.  Th is  may b e  d e s c r i p t i v e l y  
r e f e r r e d  to  a s  " f i s h e r y  o c e a n o g r a p h y  w i t h  t i m e - s e r i e s  d a t a "  ( In g h a m
1 9 8 1 ) .  T h i s  a d v a n c e s  t h e  com pl ica ted  q u e s t i o n  o f  "How?" How does one 
a p p r o a c h  a m o d e l l i n g  ■ e f f o r t  o f  a f i s h e r y  w h i c h  i n c o r p o r a t e s  
env i ronm en ta l  f a c t o r s ?
F ig u r e  2.1
Time and s p a c e  s c a l e s  r e l e v a n t  t o  f i s h e r i e s  (from P ro c .  

















i  ■ 
1000
14
L i f e  H i s t o r y
B e f o r e  q u a n t i t a t i v e  a n a l y s e s  c a n  b e g i n ,  t h e  c r u c i a l  l i f e  
s t a g e s  and p h y s i c a l  f o r c i n g  f a c t o r s  m u s t  b e  i d e n t i f i e d  i n  t i m e  and 
s p a c e .  I n  many cases  t h i s  i d e n t i f i c a t i o n  may r e q u i r e  b a s i c  r e s e a r c h  t o  
f i l l  t h e  g a p s  i n  t h e  l i f e  h i s t o r y .  S p e c i f i c  p a r a m e t e r s  s u c h  a8 
s p a w n in g  p l a c e  and t i m e ,  l a r v a l  f o r a g e  n e e d s ,  g r o w t h  r a t e s ,  a n d  
m i g r a t i o n  h a b i t s  a r e  o f t e n  unknown o r  p o o r l y  u n d e r s t o o d  f o r  many 
s p e c i e s .  E m p i r i c a l  c o r r e l a t i o n s  between b i o l o g i c a l  and  p h y s i c a l  d a t a  
may g i v e  i n i t i a l  c l u e s  t o  th e  e s t a b l i s h m e n t  o f  r e l a t i o n s h i p s  when f i e l d  
and l a b o r a t o r y  s t u d i e s  a r e  n o t  f e a s i b l e .
T h e s e  e m p i r i c a l  o r  s t a t i s t i c a l  r e l a t i o n s h i p s  must be  t r e a t e d  
w i th  extreme c a r e ,  as  cause  and e f f e c t  may be t o t a l l y  l a c k i n g .  F u r t h e r ,  
t h e  p o p u l a r  a p p l i c a t i o n  o f  a  m u l t i p l e  r e g r e s s i o n  s t a t i s t i c a l  t r e a tm e n t  
m u s t  b e  f u n c t i o n a l l y  b a s e d  as  i t  c an  l e a d  t o  f a l s e  c o n c l u s i o n s  i f  
i n d e p e n d e n t  v a r i a b l e s  a r e  a u t o c o r r e l a t e d  ( e . g . ,  s a l i n i t y  and r i v e r  
d i s c h a r g e ) .  These r e l a t i o n s h i p s  must be  i d e n t i f i e d  and f o r m u l a t e d  i n t o  
a c o n c e p t u a l  m ode l  b e f o r e  a  q u a n t i t a t i v e  model can be  a t t e m p t e d .  In  
s u c h  a m u l t i f a c e t e d  a r e a ,  i n v e s t i g a t i o n  may r e v e a l  p o s s i b l e  
r e l a t i o n s h i p s  and new h y p o t h e s e s  may be  c o n t i n u o u s l y  d e v e l o p e d  and 
t e s t e d .
Data  Bases
I n h e r e n t l y  everyone know6 t h e r e  a r e  a l o t  o f  d a t a  a r o u n d ;  b u t  
d a t a  a r e  l i k e  f i s h  s t o c k s ,  a b u n d a n c e  d o e s  n o t  r e f l e c t  a v a i l a b i l i t y .  
Thus ,  t h e  t h r e e  b i g  problems w i t h  d a t a  b a s e s  a r e :  ( 1 )  l o c a t i o n ,  ( 2 )
a c q u i s i t i o n ,  and (3)  m a n ip u la t i o n .
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The impetus f o r  most p r o j e c t s  i s  g e n e r a l l y  a s p e c i f i c  f i s h e r y  
management p r o b l e m .  A s p e c i e s  i s  g i v e n  p r i o r i t y  and r e s e a r c h  b e g in s  
w i t h  w hatever  d a t a  a r e  o r  can be  made a v a i l a b l e .  The i n i t i a l  e f f o r t  i s  
t o  d i s c o v e r  what d a t a  may e x i s t  i n  n a t i o n a l  a rc h iv e s *  p u b l i c  and p r i v a t e  
i n s t i t u t i o n s  o r  c o n s u l t i n g  f i rm s  conduc t ing  r e s e a r c h .  Next* t h e s e  d a t a  
m u s t  be  i d e n t i f i e d  w i t h  p r o x i m i t y  i n  t i m e  and s p a c e .  D e s p i t e  t h e  
r e l i a n c e  on e x i s t i n g  d a ta*  a p p r o p r i a t e  d a t a  a r e  n o t  a l w a y s  a v a i l a b l e ;
. t h e r e f o r e ,  a n c i l l a r y  o r  proxy d a t a  must be UBed. Proxy d a t a  must f i r s t  
be i d e n t i f i e d  and a c q u i r e d .  A m a them a t ic a l  r e l a t i o n s h i p  o r  s t a t i s t i c a l  
c o r r e l a t i o n  may t h e n  b e  d e v e l o p e d  f o r  t h e  d e s i r e d  t i m e  o r  p l a c e  t o  
i n s u r e  i t s  v a l i d i t y  f o r  l a t e r  a p p l i c a t i o n  i n  t h e  model .
I t  i s  n e c e s s a r y  t o  u n d e r s t a n d  t h e  e r r o r s  and d e f i c i e n c i e s  o f  
a v a i l a b l e  d a t a  and to  g l e a n  from them whateve r  i s  s i g n i f i c a n t .  H i s t o r i c  
d a t a  o f t e n  come w i t h  i n h e r e n t  p r o b l e m s *  many  o f  w h i c h  a r e  n o t  
r ecogn ized*  or  seem i n s i g n i f i c a n t  u n t i l  com puta t ions  a r e  a t t e m p t e d .  The 
r i s k  o f  u s i n g  d a t a  t h a t  one  d i d  n o t  p e r s o n a l l y  c o l l e c t  s h o u l d  n o t  
outweigh  t h e  b e n e f i t s  o f  th e  d a t a  t h a t  wou ld  b e  o t h e r w i s e  u n a v a i l a b l e  
t o  a  s i n g l e  i n v e s t i g a t o r .  However, t h i s  u s e  o f  somewhat u n s a t i s f a c t o r y  
d a t a  o f t e n  means m i s s i n g  d a t a ,  i n s u f f i c i e n t  d o c u m e n t a t i o n *  n o n ­
s t a n d a r d i z e d  m e th o d o lo g y  and many i n i t i a l l y  un recogn ized  p rob lem s .  I t  
i s  u s u a l l y  n e c e s s a r y  t o  seek  a d d i t i o n a l  s o u r c e s  o f  d a t a  a s  one s e t  i s  
seldom i n c l u s i v e  enough f o r  a f i s h e r y  c l im a t o lo g y  approach .
The u l t i m a t e  g o a l  i s  g e n e r a l l y  t o  p r e d i c t  a d u l t  s t o c k  s i z e  a s  
r e f l e c t e d  by  c o m m e r c i a l  c a t c h .  H e r e i n  l i e  some o f  t h e  b i g g e s t  
d i f f i c u l t i e s  w i th  th e  d a t a  b a s e s  from which a p r e d i c t i v e  model o f  c a t c h  
w i l l  be dev e lo p ed .  Host  o f t e n  commercial  c a t c h  d a t a  a r e  i n a p p r o p r i a t e l y  
c o l l e c t e d  f o r  a m o d e l l e r ' s  n e e d s .  These d a t a  a r e  u s u a l l y  e x p r e s s e d  a s
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e x - v e B s e l  ( d o c k s i d e )  p o u n d s ,  o f t e n  n e g l e c t i n g  e f f o r t ,  t i m e ,  and a r e a  
f i a b e d .  F o r  each  s p e c i e s  c a u g h t ,  t h e  c a t c h  i s  u s u a l l y  c o m p r i s e d  o f  
m u l t i p l e  y e a r  c l a s s  c o n t r i b u t i o n s ,  unknown age -com pos  i t  i o n ,  and  
b i o l o g i c a l  y e a r  d i f f e r i n g  f ro m  t h e  c a l e n d a r  y e a r .  F u r t h e r ,  s e v e r a l  
s to c k s  from d i s p a r a t e  g eog raph ic  l o c a t i o n s  may he landed c o n c u r r e n t l y  a t  
one p o r t .
The u s e  o f  j u v e n i l e  ( p r e r e c r u i t )  su rvey  d a t a  bypasses  t h e  need 
f o r  i n fo rm a t io n  on th e  v u l n e r a b l e ,  p o o r l y  u n d e r s to o d  l a r v a l  s t a g e ,  ha6  
f e w e r  sa m p l in g  p rob lem s ,  and has p ro g re s s e d  f u r t h e r  in  th e  l i f e - h i s t o r y  
( i . e . ,  c l o s e r  t o  th e  commercial  c a t c h  t h a t  one wishes  to  p r e d i c t ) .
The Models
The te rm  "model" conno tes  many d i f f e r e n t  t h i n g s  t o  d i f f e r e n t  
p e o p l e ,  d e p e n d e n t  u p o n  t h e i r  f r a m e  o f  r e f e r e n c e .  H e r e ,  i t  i s  a 
n u m e r i c a l  r e p r e s e n t a t i o n  t h a t  q u a n t i f i e s  r e l a t i o n s h i p s .  The model b a s i s  
may b e  b i o l o g i c a l - e n v i r o n m e n t a l  o r  b i o l o g i c a l - b i o l o g i c a l .  The  
r e l a t i o n s h i p s  a r e  based  on p a s t  o b s e rv e d  o c c u r r e n c e s  i n  a manner  t h a t  
p r o v i d e s  p r e d i c t i v e  c a p a b i l i t i e s .  That  i s ,  g ive n  measured o r  e s t i m a t e d  
v a l u e s  o f  a f o r c i n g  f u n c t i o n  ( b i o l o g i c a l  a n d /o r  p h y s i c a l ) ,  t h e  " m o d e l "  
can be  a p p l i e d  t o  y i e l d  an e s t i m a t e  o f  f u t u r e  s tock  abundance.
Var ious  t e c h n iq u e s  a r e  a v a i l a b l e  w i t h  which to  develop  mode ls .  
F o r m e r l y ,  m o d e l s  w e re  developed  from b a s i c  s t a t i s t i c a l  t e c h n iq u e s  t h a t  
b i o l o g i s t s  had  a t  han d  and  c o u l d  c o m p r e h e n d ,  p r i n c i p a l l y  l i n e a r  
r e g r e s s i o n .  B i o l o g i c a l  s y s t e m s ,  however,  a r e  n o n - l i n e a r .  T h e r e f o r e ,  
m o d e l l i n g  e f f o r t s ,  p a r t i c u l a r l y  t i m e - s e r i e s ,  m u s t  c o n s i d e r  m o re  
s o p h i s t i c a t e d  n o n - l i n e a r  and a u t o r e g r e s s i v e  s t a t i s t i c a l  t r e a t m e n t s .
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A l t h o u g h  t h e s e  t e c h n i q u e s  a r e  n o t  as  w i d e l y  u s e d ,  t h e  c o n c e p t  o f  
r e l a t i n g  t h e  environment t o  y e a r - c l a s s  s t r e n g t h  i s  n o t  new.
P e r t i n e n t  a t  t h i s  t i m e  i s  a  d i s c u s s i o n  o f  t h e  h i s t o r i c a l  
a t t e m p t s  a t  e n v i r o n m e n t - s t o c k  m o d e l l i n g . C a r r u th e r s  (1938) re c o g n iz e d  
a  l i n k  between winds ,  l a r v a l  d r i f t  and y e a r - c l a s s  s t r e n g t h  o f  h e r r i n g  
and  haddock*  S e t t e  (1943) c i t e d  u n fa v o ra b le  winds as a r e a s o n  f o r  h igh  
l a r v a l  m o r t a l i t y  in  t h e  A t l a n t i c  m a c k e r e l .  W a l fo rd  ( 1 9 4 6 )  c o r r e l a t e d  
t h e  s i z e  o f  a y e a r  c l a s s  o f  s a r d i n e s  w i th  average  d a i l y  summer s u r f a c e  
s a l i n i t i e s  from 1934 t o  1941,  u s in g  s a l i n i t y  as an i n d e x  o f  u p w e l l i n g .  
C h as e  ( 1 9 5 5 )  a l s o  r e l a t e d  w inds  and l a r v a l  d r i f t ,  b u t  im proved  t h e  
c o r r e l a t i o n s  by  add ing t e m p e r a t u r e  as  an  e s t i m a t o r  o f  s p aw n in g  t i m e .  
Lower w a t e r  t e m p e r t u r e s  p r o d u c e  s l o w e r  l a r v a l  deve lopm en t .  Ketchen 
( 1 9 5 6 )  l i n k e d  l o n g e r  p e l a g i c  d r i f t  and t h u s  l e s s  c r i t i c a l  f e e d i n g  
c o n d i t i o n s ,  w i th  s t r o n g  yea r  c l a s s e s  in  lemon s o l e .
O t t e s t a d  (1942) r e l a t e d  m echan ism s  o f  c l i m a t i c  c h a n g e  w i t h  
f i s h e r i e s  y i e l d .  T a y l o r ,  B ig e lo w  and Graham ( 1 9 5 7 )  d i s c u s s e d  t h e  
warming t r e n d  from 1900-1940 o f  Boothbay Harbor w a t e r s  i n  r e l a t i o n s h i p  
t o  l a n d i n g  s t a t i s t i c s .  R a d o v i e h  ( 1 9 6 1 ,  1976)  r e l a t e d  t h e  1957-1959 
warming o f  Northwest  P a c i f i c  w a t e r s  t o  r a n g e  e x t e n s i o n s  and  l a t e r  t o  
c o m m e r c i a l  c a t c h  o f  b a r r a c u d a ,  t u n a ,  and y e l l o w t a i l .  P a r r i s h  and 
M a c C a l l  ( 1 9 7 8 )  h a v e  d e v e l o p e d  a r e c r u i t  m o d e l  w h i c h  i n c l u d e s  
e n v i r o n m e n t a l  f a c t o r s  l i n k e d  w i th  the  deg ree  o f  d e ns i ty -dependence  f o r  
th e  P a c i f i c  m a c k e r e l .  N e l s o n ,  Ingham and  S c h a a f  ( 1 9 7 7 )  d e v e l o p e d  a 
s p a w n e r - r e c r u i t  m o d e l  w h ic h  i n c o r p o r a t e d  a ’’s u r v i v a l  index"  based on 
Ekman t r a n s p o r t .  P au ly  (1980) has  c a l c u l a t e d  c o e f f i c i e n t s  o f  n a t u r a l  
m o r t a l i t y  f o r  175 s to c k s  o f  f i s h  by  modifying th e  von B e r t a l a n f f y  growth 
fo rmula  w i th  mean annua l  w a te r  t e m p e r a t u r e s .
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N o n - p o p u l a t i o n  dynam ics  s p e c t r a l  a n a l y s e s  have been used  by 
some r e s e a r c h e r s  a s  an  a p p r o a c h  t o  m o d e l l i n g .  Van H i n k l e ,  K i r k  and 
R u s t  ( 1 9 7 9 )  u s e d  F o u r i e r  a n a l y s i s  t o  r e m o v e  p e r i o d i c i t i e s  i n  
f l u c t u a t i o n s  o f  s t r i p e d  b a s s  a b u n d a n c e  c o n s i d e r e d  t o  b e  c a u s e d  b y  
d e n s i t y - i n d e p e n d e n t  e n v i r o n m e n t a l  f a c t o r s .  Jensen  (1976) developed a 
B o x - J e n k i n s  model  t o  f o r e c a s t  y i e l d  o f  m e n h a d e n .  H i s  m o d e l  o n l y  
i n c l u d e d  h i s t o r i c a l  c a t c h  d a t a  and d id  n o t  in c lu d e  f l u c t u a t i o n s  due to  
e f f o r t .  T h e re fo re ,  i t  i s  on ly  r e l i a b l e  as  long as t h e r e  i s  no change in  
e f f o r t .  H u n t ,  C a r r o l l ,  C h i n e i l l i  and Frankenburg (1980) developed  a 
m ode l  w h ic h  p r e d i c t s  brown s h r im p  h a r v e s t  i n  P a m l i c o  S ound ,  N o r t h  
C a r o l i n a .  The m ode l  uses  Apri l-May te m p e ra tu re s  and s a l i n i t i e s .  They 
found growth  r a t e s  d e c r e a s e  and m o r t a l i t y  r a t e s  i n c r e a s e  when s a l i n i t i e s  
a r e  below 10 ° /oo  and te m pera tu re  below 20°C.
B ots ford  and Methot ( 1 9 8 1 )  u s e d  a t e c h n i q u e  o f  t i m e - l a g g e d  
c o r r e l a t i o n  fu n c t i o n s  as an a n a l y t i c a l  t o o l  t o  uncover  a c t u a l  mechanisms 
r e s p o n s i b l e  f o r  th e  r e l a t i o n s h i p  between e n v i r o n m e n t  and p o p u l a t i o n s .  
They  a t t e m p t  to  e x p l a i n  f l u c t u a t i o n s  i n  C a l i f o r n i a  dungeness  c rab  c a t c h  
on th e  b a s i s  o f  u p w e l l in g  and t e m p e r a t u r e .  R e l a t i n g  c a u s a l  l i n k s  on 
s e v e r a l  t i m e  s c a l e s  and t h e  u s e  o f  m u l t i v a r i a t e  a n a l y s i s  makes t h e  
p r o c e s s  more complex.
T y l e r  ( 1 9 8 1 )  u s e d  an  a r r a y  o f  t e c h n i q u e s  t o  r e a c h  t h e  
s i m u l a t i o n  model s t a g e .  He a n a l y z e d  t h e  Dover  s o l e  p o p u l a t i o n  u s i n g  
c o h o r t - a n a l y s i B  and  c a t c h - p e r - u n i t - e f f o r t  * Hayman and T y le r  (1980) 
i n v e s t i g a t e d  th e  r e l a t i o n s h i p  between c o h o r t  s t r e n g t h  and o c e a n o g r a p h i c  
f a c t o r s  u s i n g  a m u l t i p l e  r e g r e s s i o n  t r e a t m e n t .  A c o r r e l a t i o n  model 
i n c o r p o r a t i n g  upw e l l ing  in  e a r l y  summer and o f f s h o r e  d iv e rg e n c e  t h e  nex t  
w i n t e r  e x p l a i n e d  65% o f  the  c o h o r t  s t r e n g t h  v a r i a t i o n .  I t  i s  im por tan t
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t o  n o t e ,  t h a t  t h e s e  m a t h e m a t i c a l  r e l a t i o n s h i p s  h a v e  b i o l o g i c a l  
£ o u n d a t i o n s .  U p w e l l i n g  i s  l i k e l y  t o  i n f l u e n c e  c o h o r t  s t r e n g t h  b y  
a f f e c t i n g  f o o d  a v a i l a b i l i t y .  W i n t e r  c o n v e r g e n c e  p r e v e n t s  i n s h o r e  
t r a n s p o r t  o f  l a r v a e  d u r i n g  s e t t l i n g  t i m e .  The c o h o r t  s t r e n g t h  o f  t h e  
E n g l i s h  s o l e  i s  de termined  by oceanograph ic  f a c t o r s  d i f f e r e n t  from th o s e  
w h ic h  a c t  a s  f o r c i n g  f u n c t i o n s  on  t h e  Dover s o l e .  However, b o th  t h e  
r e l a t i o n s h i p s  a r e  e q u a l l y  j u s t i f i a b l e  b i o l o g i c a l l y .
I n  f i s h e r i e s  m ode l  d e v e l o p m e n t  t h e  o c e a n i c  environment i s  
measured,  n o t  modelled  (B ledsoe 1981) .  The e f f e c t  i t  h a s  on f i s h  and 
f i s h e r i e s  i s  what i s  t o  be m ode l led .  Improvements in  e x p la in e d  v a r i a n c e  
may b e  a measure o f  e f f e c t i v e n e s s  o f  i n c lu d in g  env i ronm en ta l  in f o r m a t io n  
i n  a m o d e l .  T h u s ,  t e s t i n g  h y p o t h e s e s  c o n c e r n i n g  e n v i r o n m e n t a l  
in f l u e n c e s  can be p e r f o r m e d  on  h i s t o r i c a l  f i s h e r i e s .  E n v i r o n m e n t a l  
v a r i a b l e s  a s  p r e d i c t o r s  c o u l d  b e  i n c o r p o r a t e d  i n t o  e s t a b l i s h e d  
p o p u la t i o n  dynamics m o d e l s ,  t h u s  i n t e r w e a v i n g  d e n s i t y - d e p e n d e n t  and 
d e n s i ty - in d e p e n d e n t  e f f e c t s .
CONCLUSIONS
As r e l a t i o n s h i p s  a r e  e s t a b l i s h e d  and m o d e l l i n g  e f f o r t s  
i n c r e a s e ,  m o r e  m e t e o r o l o g i c / o c e a n o g r a p h i c  f a c t o r s  a r e  b e i n g  
i n c o r p o r a t e d .  E x a m i n a t i o n  o f  t h e s e  r e l a t i o n s h i p s ,  e s p e c i a l l y  i n  an 
e f f o r t  t o  a v o i d  a u t o c o r r e l a t e d  v a r i a b l e s ,  i n c r e a s i n g l y  r e v e a l s  
m e t e o r l o g i c  pa ra m e te r s  t o  be f a c t o r s  d r i v i n g  th e  measured oceanog raph ic  
c o n d i t i o n s .  S e t t e  (1959) s a i d :
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" . . . t h e  e v e n t s  a f f e c t i n g  t h e  f i s h e r i e s  a s  o r i g i n a t i n g  i n  t h e  
a tm ospher ic  c i r c u l a t i o n ,  o p e r a t i n g  th rough  t h e i r  d i r e c t  e f f e c t s  on 
th e  p r o p e r t i e s  o f  Bea v a t e r  and i n d i r e c t l y  by modifying t h e  ocea n ic  
c i r c u l a t i o n ,  and t h e s e ,  i n  t u r n ,  a f f e c t i n g  o u r  m a r i n e  a n i m a l  
p o p u l a t i o n s ,  b o t h  d i r e c t l y  and i n d i r e c t l y  t h r o u g h  t h e  c h a in  o f  
p l a n t  p o p u l a t i o n s . "
CHAPTER 3
Conceptua l  L i f e  H i s t o r y  o f  A t l a n t i c  Croaker
INTRODUCTION
The A t l a n t i c  c ro a k e r  (M icropoeonias  u n d u la tu s )  i s  b a s i c a l l y  a 
s o u th e r n  s p e c i e s  w h ic h  i s  p r o m i n e n t  i n  t h e  G u l f  o f  M exico  and S o u th  
A t l a n t i c  B i g h t ,  a l t h o u g h  i t  h a s  a w id e  g e o g ra p h ic  r ange  from th e  New 
E n g la n d  S t a t e s  t o  S o u th  A m e r ic a  (C hao  and  M u s ick  1 9 7 7 ) .  I t  i s  a n  
i m p o r t a n t  c o m m e r c i a l  and r e c r e a t i o n a l  s p e c i e s  f rom Maryland th rough  
North C a r o l i n a .  Dur ing  c l i m a t i c a l l y  warmer p e r i o d s ,  such  as  t h e  1 9 3 0 ' s  
and 1 9 4 0 ' s ,  t h e  c r o a k e r  e x t e n d e d  i t s  r a n g e  n o r t h  and i t  was f i s h e d  
c o m m e r c i a l l y  i n  New Y o r k .  Now V i r g i n i a ,  M a r y la n d  and  D e la w a r e  a r e  
c o n s i d e r e d  t o  b e  t h e  n o r t h e r n  r a n g e  o f  t h e  s p e c i e s .  The A t l a n t i c  
c ro ak e r  spawns in  c o a s t a l  mar ine  w a te r s  and u s e s  e s t u a r i e s  a s  n u r s e r y  
and feed in g  grounds (Diaz 1982).
The co n c e p tu a l  l i f e  h i s t o r y  would  h a v e  t o  be  d e v e l o p e d  f rom  
A t l a n t i c  and  G u l f  r e s e a r c h  combined i f  based  s o l e l y  on th e  l i t e r a t u r e  
a v a i l a b l e .  However, t h i s  i s  i n a p p r o p r i a t e .  R e s e a r c h  on  t h e  A t l a n t i c  
s to c k  r e v e a l s  d r a m a t ic  d i f f e r e n c e s  compared t o  t h e  Gulf  s to c k  (White and 
C h i t t e n d e n  1 9 7 7 ,  Morse  1 9 8 0 ) .  B ased  on t h i s ,  I  b e l i e v e  t h a t  l i f e  
h i B t o r y  m us t  be  d e a l t  w i t h  i n d e p e n d e n t l y ,  A t l a n t i c  and G u l f .  This  
r e s e a r c h  i s  concerned  w i th  d i s t r i b u t i o n  and m i g r a t i o n  o f  c r o a k e r  n o r t h  
o f  and  a r o u n d  Cape H a t t e r a s ,  g e n e r a l l y  d i s r e g a r d i n g  t h e  South A t l a n t i c
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Bight  and Gulf  o f  Mexico except  when r e f e r e n c e s  a r e  a p p r o p r i a t e ,  o r  more 
l i k e l y ,  t h e  o n ly  ones a v a i l a b l e .
Th is  s tu d y  was o r i g i n a l l y  d e s i g n e d  t o  d e v e l o p  a  p r e d i c t i v e  
m o d e l  o f  a d u l t  c r o a k e r  b a s e d  on  f l u c t u a t i o n s  i n  j u v e n i l e  abundance in  
t h e  York R iv e r .  Gaps in  t h e  l i f e  h i s t o r y  o f  t h e  c r o a k e r  h ave  r e v e a l e d  
n e e d e d  a r e a s  o f  i n v e s t i g a t i o n  and p o s s i b l e  s ou rces  o f  inadequacy  in  t h e  
p r e d i c t i v e  c a p a b i l i t y  o f  s u c h  a m o d e l .  To e n a b l e  t h e  p u r s u i t  o f  a 
c o m p r e h e n s i v e  p r e d i c t i v e  model ,  a c o n c e p tu a l  model o f  t h e  l i f e  h i s t o r y  
o f  t h e  A t l a n t i c  c ro ak e r  was deve loped .
The fo l lo w in g  d i s c u s s i o n  o f  t h e  c o n c e p tu a l  l i f e  h i s t o r y  o f  t h e  
A t l a n t i c  c ro a k e r  a t tem p ts  t o  in c lu d e  m os t  o f  t h e  f a c t o r s  i m p o r t a n t  i n  
d e t e r m i n i n g  y e a r - c l a s s  s t r e n g t h  a n d / o r  commercial  c a t c h .  While t h i s  
c o n c e p tu a l  l i f e  h i s t o r y  forms t h e  framework f o r  t h e  mode l  d e v e l o p e d  i n  
t h i s  d i s s e r t a t i o n ,  i t  a l s o  i n c lu d e s  d i s c u s s i o n  o f  f a c t o r s  c o n s id e re d  b u t  
n o t  u l t i m a t e l y  inc luded  i n  th e  f i n a l  model .
The j o i n t  IOC/FAO M e e t i n g  o f  e x p e r t s  on Ocean Sc iences  in  
R e l a t i o n  t o  L iv ing  Resources  (OSLR) produced  a  schematized  l i f e  c y c l e  o f  
f i s h e s  (F ig u r e  3 .1 )  (Bakun,  Beyer ,  P a u ly ,  Pope and Sharp 1982):
S t a g e  I  c o m p r i s e s  e n t r y  o f  t h e  e g g  i n t o  t h e  e n v i r o n m e n t ,  
f e r t i l i z a t i o n  and  s u b s e q u e n t  p r e - h a t c h  embryo d e v e l o p m e n t ,  
h a t c h i n g  o f  t h e  l a r v a e  a n d  s u b s e q u e n t  d e v e l o p m e n t  up t h r o u g h  
m e ta m o r p h o s i s  ( t o  be l o o s e l y  d e f i n e d  h e re  as where s c a l e s  form or 
where dominant  r e s p i r a t i o n  s w i tch es  t o  t h e  g i l l s ) .
S t a g e  I I  i n c l u d e s  t h e  m e t a m o r p h o s i s  o f  j u v e n i l e  s t a g e s  w h ic h  
p recede  r e c r u i t m e n t  o f  th e  f i s h  i n t o  f i s h e r y  o p e r a t i o n s .  T h i s  i s  
t h e  l e a s t  unders tood  s t a g e  in  t h e  l i f e  h i s t o r y  c y c l e  o f  many f i s h
F ig u re  3 .1
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becauBe th e r e  i s  no a p p r o p r i a t e  g e a r  t o  s a m p le  them  d u r i n g  t h i s  
s t a g e .
S tag e  I I I  in c lu d e s  t h e  p e r io d  from i n i t i a l  e n t r y  o f  t h e  f i s h  i n t o  
f i s h e r y  o r  s a m p l in g  o p e r a t i o n s ,  o f  f i s h e r y  s u s c e p t i b l e  a d u l t  
f i s h e s  b e fo re  th e y  m a tu re .
S t a g e  IV  i s  d e f i n e d  a s  t h a t  p e r i o d  f ro m  t h e  o n s e t  o f  g a m e te  
d i f f e r e n t i a t i o n  and f a b r i c a t i o n  t o  t h e  en d  o f  t h e  r e p r o d u c t i v e  
p e r i o d  o f  t h e  i n d i v i d u a l .  T h i s  may b e  s e a s o n a l ,  a n n u a l  o r  
c o n t in u in g  over  v a ry in g  tim e a c a l e s ,  depend ing  upon  t h e  s p e c i e s .  
A l s o ,  egg m a t u r a t i o n  and s u b s e q u e n t  spawning may happen once o r  
s e v e r a l  t im es  in  a l i f e t i m e ,  i . e .  i t e r a t i v e  w i t h i n  any  y e a r  o r  
a n n u a l .
An amended scheme o f  t h e  OSLR l i f e  s t a g e  d e s ig n a t io n s  p ro v id e s  
a c o n c e p t u a l  m o d e l  o f  A t l a n t i c  c r o a k e r  l i f e  h i s t o r y  i n c l u d i n g  
env iro n m en ta l  f a c t o r s  (F ig u re  3 . 2 ) .  The model s t a r t s  w i th  t h e  sp aw n in g  
a d u l t  i n  q u a d r a n t  I  a s  o p p o s e d  t o  t h e  OSLR d e s ig n a t io n  o f  IT  ( F ig u r e
3 . 1 ) .  I t  i s  b e l i e v e d  to  b e  t h e  f i r s t  s t e p ,  r a t h e r  t h a n  l a s t ,  t o  be  
co n s id e re d  in  a c ro a k e r  m odel.
DISCUSSION
Stage I  -  Spawning A du lts
C roaker m ig ra te  o u t  o f  bays  and r i v e r s ,  t h e i r  summer h a b i t a t ,  
i n  t h e  f a l l  and  spawn i n  t h e  o c e a n ,  p o s s i b l y  n e a r  t h e  m ou th  o f  th e  
Chesapeake Bay, p r o b a b l y  v e r y  n e a r s h o r e  ( H i ld e b r a n d  and C a b le  1 9 3 0 ,  
P e a r s o n  1 9 4 1 ,  B e a rd e n  1 9 6 4 ,  N e ls o n  1 9 6 9 ,  Chao and H usick  1977). The 
n o r th - s o u th  range  o f  c ro a k e r  spawning i n  r e l a t i o n  t o  t h e  m outh  o f  t h e
F ig u re  3 .2
C o n c e p t u a l  m ode l o f  A t l a n t i c  c r o a k e r  l i f e  h i s t o r y ,  
i n c l u d i n g  env ironm en ta l f a c t o r s ,  based  on th e  OSLR model 
in  F ig u re  3 .1 .
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C h e s a p e a k e  Bay 1b c o n s i d e r e d  t o  be  d e n s i t y  and te m p era tu re  d ep en d en t.  
I n i t i a l  i n s p e c t i o n  o f  A t l a n t i c  s h e l f  i c h t h y o p l a n k t o n  ( F .  B e r r i e n ,  
NOAA/NMFS/NEFC/Sandy Book Lab p e r s . comm.) and fe c u n d i ty  d a ta  (Horse 
1 9 8 0 )  f ro m  Cape H ay , New J e r s e y  t o  Cape H a t t e r a s  , N o r t h  C a r o l i n a  
i n d i c a t e d  th e  p o s i t i o n  o f  th e  c ro a k e r  on th e  s h e l f  d u r in g  spawning to  be  
c l o s e l y  r e l a t e d  t o  b o t to m  t e m p e r a t u r e .  I n  t h e  " c o l d "  y e a r s  o f  t h e  
1 9 6 0 's ,  when th e  commercial c a tc h  o f  c ro a k e r  in  V i r g in i a  h i t  an a l l  t im e  
low (6200 pounds, 1968), c ro a k e r  la rv a e  were found n e a r  o r  sou th  o f  Cape 
H a t t e r a s .  I n f e r e n c e  o f  s u r f a c e  i s o t h e r m s  i n d i c a t e d  t h a t  th e  l a rv a e  
s o u th  o f  th e  Cape were b e in g  advec ted  o f f s h o r e  t o  t h e  G u lf  S t r e a m ,  and  
th u s  l o s t  t o  p o t e n t i a l  r e c r u i tm e n t  as  ju v e n i l e s  in t o  th e  Chesapeake Bay. 
I n  th e  warmer y ea rs  o f  th e  1970s, r i p e  c ro a k e r  and ic h th y o p la n k to n  w ere  
c o l l e c t e d  n o r t h  o f  Cape H a t t e r a s ,  and in  some c a s e s ,  even n o r th  o f  th e  
Cheaspeake Bay. The commercial c a tc h  o f  c ro a k e r  i n c r e a s e d  d u r i n g  t h i s  
t i m e  t o  8 ,6 0 0 ,1 9 1  pou n d s  i n  1 9 7 7 ,  n e a r  w ha t i t  had been in  th e  l a t e  
1950s .  U npublished NMFS p la n k to n  and te m p era tu re  d a ta  (F .  B e r r ie n  p e r s .  
comm.) and R/V DOLPHIN c r u i s e  d a t a  (C la rk ,  Sm ith , K enda ll  and Fahay 1969 
and 1970, B e r r i e n ,  Fahay , K e n d a l l  and  S m ith  1978) w ere  a n a l y z e d .  Hy 
a n a ly s e s  o f  th e s e  d a t a  i n d i c a t e  s h e l f  w a te r  te m p era tu re  and w ind-induced  
u p w e ll in g  (F ig u re  3 .2 )  to  be i m p o r t a n t  f a c t o r s  d e t e r m i n i n g  w here  and 
when c ro a k e r  spawn. L ab o ra to ry  experim en ts  in d ic a te d  t h a t  c ro a k e r  spawn 
a t  16°-  24°C (W. H e t t l e r ,  NOAA/NMFS/SEFC/Beaufort Lab p e r s .  com m .) .  
T h i s  i n f o r m a t i o n  was u s e d  when m ak ing  a s s u m p t i o n s  re g a rd in g  c ro a k e r  
spawning tim es and a r e a s  in v e s t ig a t e d  i n  C hap ter  4 .
27
S ta e e  I I  -  Larvae
S tage I I  (OSLR S tage I )  c o v e rs  t h e  t i n e  from  t h e  e n t r a n c e  o f  
t h e  egg  i n t o  t h e  e n v i ro n m e n t  t h r o u g h  l a r v a l  m e ta m o rp h o s is .  F or  th e  
c r o a k e r ,  t h i s  means movement from some s i t e  o f  spawning in  s h e l f  v a t e r B  
t o  t h e  C h e sa p e a k e  Bay. OSLR (Bakun e t  a l .  1982) r e c o g n iz e s  t h i s  as a 
t im e  o f  extreme v u l n e r a b i l i t y  and h ig h  r a t e s  o f  m o r t a l i t y  t h a t  i s  m ost 
c r i t i c a l  to  e v e n tu a l  r e c r u i tm e n t .
F ig u re  3 .3  i s  a schem atic  r e p r e s e n t a t i o n  o f  S ta g e s  I ,  I I  and 
I I I  o f  t h e  c ro a k e r  l i f e  c y c l e .  A du lt  c ro a k e r  spawn on th e  s h e l f .  Eggs 
and la rv a e  a re  p e l a g i c  a t  h a t c h in g .  At some undocumented p o in t  in  t h e i r  
d e v e l o p m e n t ,  l a r v a l  c r o a k e r  becom e d e m e r s a l  and move in to  e s t u a r i e s .  
Mechanisms o f  l a r v a l  t r a n s p o r t  i n t o  th e  e s t u a r i n e  n u r s e r y  g ro u n d s  a r e  
undocumented and a r e  p ro b a b ly  a com bination  o f  b o th  p a s s iv e  t r a n s p o r t  by 
c u r r e n t s  and a c t i v e  swimming (P ea rson  1929, W e in s te in ,  W eiss , Bodson and 
G erry  1980, N orcross  and A u s t in  1981, D iaz  1982).
S u c c e s s fu l  f i r s t  f e e d i n g  may b e  t h e  s i n g l e  m o s t  im p o r t a n t  
d e t e r m i n a n t  o f  l a r v a l  s u c c e s s ,  d e s p i t e  i t s  b r i e f  d u r a t i o n .  Second to  
t h i s  i s  p r e d a t io n  (Bakun e t  a l .  19 8 2 ) .  Many l a r v a l  s t u d i e s  h a v e  b een  
d o n e  on f i r s t  f e e d i n g  s u c c e s s  ( L a s k e r  1975 and 1981a) and s t a r v a t i o n  
( T h e i l a c k e r  1 9 7 8 ,  O 'C o n n e l l  1 9 8 1 ) ,  s i z e  s e l e c t i v e  p r e d a t i o n  
( C h r i s t e n s e n ,  C h r i s t e n s e n  and Beyer 1980),  food consumption m ode ll ing  
(Beyer and C h r is te n se n  1980), e f f e c t s  o f  p re y  k in d  and d e n s i t y  on growth 
and  s u r v i v a l  ( L a s k e r  1 9 7 5 , B eyer  and Laurence 1981), t u r b i d i t y  (Beyer 
and C h r i s t e n s e n ) ,  and w a te r  column s t a b i l i t y  (L asker 1981b, Sharp 1980).  
H ow ever ,  th o u g h  copepods  (c a la n o id  and h a r p a c t i c o i d )  a r e  th o u g h t t o  be  
th e  major d i e t a r y  component fo r  l a r v a l  and ju v e n i l e  c ro a k e r  (D iaz  1982), 
no d i r e c t  o b s e r v a t i o n s  o r  s p e c i e s - s p e c i f i c  s t u d i e s  have been  made fo r
F ig u re  3 .3
S c h e m a t ic  r e p r e s e n t a t i o n  o f  movement o f  c r o a k e r  l i f e  
s t a g e s  I ,  I I  and I I I  i n  r e l a t i o n  t o  C h e s a p e a k e  Bay 








































c r o a k e r • T h is  type  o f  r e s e a r c h ,  i s  q u i t e  n e c e s s a ry ,  b u t  n o t  w i t h i n  t h e  
scope o f  t h e  r e s e a r c h  based  on en v iro n m en ta l  f a c t o r s  o u t l i n e d  here*
The environm ent may a f f e c t  l a r v a l  f e e d i n g  t h r o u g h  t u r b u l e n t  
c o n d i t i o n s  w h ic h  d e s t r o y  fo o d  a g g r e g a t i o n s  and d i l u t e  p o t e n t i a l  food 
o rganism s below  th r e s h o ld  c o n c e n t r a t i o n s .  S trong  upw ell ing  i n  1975 and 
s to r m s  i n  1978 l im i t e d  food f o r  f i r s t - f e e d i n g  anchov ies  (L ask e r  1 9 8 1 a ) . 
P h y s ic a l  d i s p e r s io n  o f  la rv a e  and t h e i r  food  c o u ld  b e  c a u s e d  b y  w av e -  
in d u c e d  t u r b u l e n c e ,  w ind-induced  s h e a r ,  u p w e l l in g ,  t i d a l  c u r r e n t s ,  and 
e d d ie s  o f  v a r io u s  t im e  and space  s c a le s  (H unter 1976) . Wind d i s p e r s e s  
p a t c h e s  o f  fo o d  and  l a r v a e  so  t h a t  t h e y  no  l o n g e r  come t o g e t h e r  in  
l,windov8,, o f  space  and t im e  ( R u s s e l l  1930, Bakun e t  a l .  1 9 8 2 ) .  F e e d i n g  
and s t a r v a t i o n ,  th o u g h  c o n s i d e r e d  b y  some t o  be  t h e  m a jo r  c a u s e  o f  
l a r v a l  m o r t a l i t y  (H un ter  1976, L asker  1 9 8 1 b ) ,  i s  n o t  i n c l u d e d  i n  t h i s  
m o d e l .  I t  was o r i g i n a l l y  th o u g h t t h a t  C u sh in g 's  (1975) m atch/m ism atch 
h y p o th e s i s  may be used  to  i n f e r  a  b i o l o g i c a l l y  a p p l i c a b l e  e x p l a n a t i o n  
f o r  a  s i m i l a r  s i t u a t i o n  between s h e l f  w in d - s t r e s s  and j u v e n i l e  c ro a k e r  
a b u n d a n c e .  H ow ever ,  t h e  l a c k  o f  z o o p l a n k to n  c o l l e c t i o n s ,  l a r v a l  
c o n d i t i o n  i n d i c e s  and l a b o r a t o r y  o b s e r v a t i o n s  make t h i s  i n f e r e n c e  
u n te n a b le  f o r  c r o a k e r .
S i m i l a r l y ,  though re c o g n iz e d  as having  an ex tre m e ly  im p o rtan t  
e f f e c t  on l a r v a l  m o r t a l i t y ,  r e l a t i v e l y  l i t t l e  work h as  b e e n  d o n e  on 
l a r v a l  c r o a k e r  p r e d a t i o n .  P r e d a t o r s ,  c o -o c c u rre n c e  w ith  c ro a k e r  eggs 
and l a r v a e ,  abundance in  tim e and s p a c e ,  f e ed in g  s t r a t e g i e s  and  a b i l i t y  
t o  c a p t u r e  d i f f e r e n t  l i f e  s t a g e s  need to  be  de te rm ined  (G un ter  1976 ) .  
P r e d a t i o n  on l a r v a e ,  s p e c i f i c a l l y  on c r o a k e r  l a r v a e  on t h e  A t l a n t i c  
s h e l f ,  i s  n o t  know n. P r e l i m i n a r y  r e s u l t s  o f  s t u d i e s  on th e  r o l e  o f  
j e l l y f i s h  and chae tognathB  aB p la n k to n ic  p r e d a t o r s  o f  m arine  f i s h  l a rv a e
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sh o w  t h a t  t h e y  p r e y  on l a r v a l  f i s h ,  b u t  t h e  s i g n i f i c a n c e  o f  t h e i r  
p r e d a t io n  und er  n a t u r a l  c o n d i t io n s  w i th  p a tc h  p la n k to n  masses i s  u n c l e a r  
(C oston-C lem ents  1980, F e r r a r o  1980).
A no ther f a c t o r  which must be c o n s id e re d  d u r i n g  t h i s  s t a g e  o f  
d e v e lo p m e n t  i s  g ro w th  r a t e .  L a r v a l  g ro w th  can be c h a r a c t e r i z e d  as  a 
m odera te  in c r e a s e  i n  le n g th  im m edia te ly  fo l lo w in g  h a t c h ,  f o l l o w e d  b y  a 
p e r i o d  o f  m inim al g row th ,  w i th  mean s i z e  in c re a s in g  r a p i d l y  a t  o n s e t  o f  
f e e d i n g  ( Z w e i f e l  and L a s k e r  1 9 7 6 ) .  T h i s  h a s  b e e n  fo u n d  v a l i d  f o r  
c ro a k e r  l a r v a e ,  w hich a r e  1 .6 -2 .0  mm a t  h a t c h in g ,  b e g in  fe e d in g  a t  about 
f i v e  days  and r e a c h  3 .1  mm a t  age t h i r t e e n  days (Warlen 1 9 8 0 ) .  T h ro u g h  
d a i l y  ag ing  o f  o t o l i t h s  o f  c ro a k e r  l a r v a e ,  a Laird-G om pertz  grow th  model 
haB been  c o n s t r u c t e d  w hich e s t im a te s  an ag e  o f  62 d a y s  f o r  a  s t a n d a r d  
le n g th  up t o  1 3 .4  mm (Warlen 1980).  C roaker l a r v a e  c o l l e c t e d  a f t e r  m id- 
J a n u a r y  h a v e  s lo w e r  g r o w th  r a t e s  w h ich  may b e  due  t o  c o l d e r  o c e a n  
t e m p e r a t u r e s  and l e s s  th a n  o p t im a l  food s u p p l ie s  (Warlen 19 8 0 ) .  Growth 
r a t e s  f o r  c r o a k e r  a r e  m ore v a r i a b l e  w i t h  low  th a n  w i t h  h i g h  w a t e r  
t e m p e ra tu r e s  (Lewis and Judy 1983).  Time from f e r t i l i z a t i o n  to  h a tc h in g  
o f  M enid ia  m en id ia  v a r i e s  in v e r s e ly  w i th  te m p e ra tu re  ( A u s t in ,  Sosnow and 
H ickey 1975) .  A ls o ,  a l th o u g h  no s i g n i f i c a n t  d i r e c t  c o r r e l a t i o n s  betw een 
l i m i t e d - r a n g e  t e m p e r a t u r e s  and  n o r t h e r n  a n c h o v y  ( E n g r a u l i s  m o rd a x ) 
g r o w th  r a t e B  h a v e  b e e n  fo u n d  (M ethot and Kramer 1979),  th e y  have been  
found f o r  t h e  dungeness c ra b  ( Cancer m a e i s t e r )  (W ild  1 9 8 0 ) .  F o r  t h e  
p u r p o s e  o f  d i s c u s s i o n ,  i t  w i l l  b e  a s s u m e d  t h a t  g r o w th  s lo w s  a s  
t e m p e ra tu re s  d e c r e a s e .
L a r v a e  c o l l e c t e d  i n  t h e  o c e a n  o f f  N orth  C a ro l in a  ap p ea r  as  
d i s t i n c t  c o h o r ts  each month and a r e  c o n t in u a l l y  t r a n s p o r t e d  t o  in B h o re  
n u r s e r y  a r e a s  (W a r le n  1 9 8 0 ) .  C o n c e p t u a l l y ,  i f  t h e  l a r v a e  a re  found
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n o r th  o f  th e  Chesapeake Bay o f f i n g ,  t h e  e n v i r o n m e n t a l  f o r c i n g  f a c t o r  
becom es t h e  w ind . Timing o f  spawning may be  most im portan t i n  r e l a t i o n  
t o  th e  s e a s o n a l  f a l l  wind change . "Summer" winds a r e  l e s s  fa v o ra b le  f o r  
l a r v a l  r e c r u i t m e n t ,  b e c a u s e  t h e y  b lo w  o u t  o f  th e  s o u th w es t ,  c a r r y in g  
p e l a g i c  c ro a k e r  eggs and la rv a e  o f f s h o r e  and away f ro m  th e  C h e s a p e a k e  
'B a y .  A f t e r  t h e  s e a s o n a l  w ind s h i f t  to  th e  " w in te r "  p a t t e r n ,  th e  mean 
wind d i r e c t i o n  i s  n o r th w e s t ,  w i th  a  s o u th e r ly  and o n s h o r e  com ponen t o f  
d r i f t  ( L e t t a u ,  Brower and Q u ay le  1 9 7 6 ) .  The f a r t h e r  n o r t h  o f  t h e  
Chesapeake Bay la rv a e  a r e ,  th e  b e t t e r  chance th e y  h a v e  o f  w i t h s t a n d i n g  
p e r io d s  o f  u n fa v o ra b le  winds and re a c h in g  th e  Chesapeake Bay mouth.
D ata  f o r  w inds, t e m p e r a t u r e ,  and p r o b a b l e  sp aw n in g  s i t e  a s  
d e t e r m i n e d  f ro m  ic h th y o p la n k to n  and spawning d a t a  a re  used t o  teB t th e  
h y p o th e ses  r e g a r d i n g  l a r v a l  t r a n s p o r t  and s u b s e q u e n t  r e c r u i t m e n t  i n  
C h a p t e r  6 .  Such  i n v e s t i g a t i o n s  a r e  ex p an d e d  by  u s i n g  t h e  j u v e n i l e  
le n g th  d a t a  from th e  VIMS bottom  t r a w l  s u r v e y .  W a r l e n ' s  g ro w th  c u r v e  
( 1 9 8 0 )  a l l o w s  b a c k  e x t r a p o l a t i o n  o f  t h e  j u v e n i l e  c r o a k e r  d a t a  t o  
d e te rm in e  tim e o f  spawning. I d e n t i f i c a t i o n  o f  sp aw n in g  t im e  was t h e n  
u s e d  t o  i n v e s t i g a t e  th e  r e l a t i o n s h i p  o f  th e  s h e l f  environm ent to  l a r v a l  
r e c r u i tm e n t .  E x p la n a t io n s  o f  w ind-induced  l a r v a l  t r a n s p o r t  w i th  d e t a i l s  
o f  c ro a k e r  a re  found in  Chapter 6 .
S tage  I I I  -  J u v e n i l e s
L a rv a e  ( 8 - 1 5  mm) move u p - e s tu a r y  to  f r e s h  o r  b r a c k i s h  w a te r
(Bearden 1964) by means o f  s a l t  wedge t r a n s p o r t  (W e in s te in  e t  a l .  1980).  
»
D s t r i b u t i o n  o f  s m a l l  ju v e n i l e s  from th e  VIMS t r a w l  su rveys  shows t h e i r  
g r e a t e s t  abundance to  c o in c id e  w ith  th e  u p s t r e a m  l o c a t i o n  o f  t h e  s a l t  
wedge (Haven 1957).  T r a n s i t i o n  to  j u v e n i l e s  occu rs  between 15 and 25 mm
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(D iaz  1982),  b u t  f o r  th e  p u rpose  o f  t h i s  m odel, any young c ro a k e r  w i th in  
t h e  e e tu a r y  w i l l  b e  r e f e r r e d  t o  as  a  j u v e n i l e ,  i r r e s p e c t i v e  o f  s i z e .  On 
th e  e a s t  c o a s t ,  j u v e n i l e  c r o a k e r  p r e f e r  t h e  d e e p  c h a n n e l s  and  t i d a l  
c r e e k s  i n  t h e  e s t u a r i e s  as  n u r s e r y  g ro u n d s  (W ein s te in  1979 ) .  I n  th e  
w i n t e r ,  when t h e  b o t to m  w a t e r s  i n  t h e  c h a n n e l s  a r e  w arm er t h a n  t h e  
s h a l l o w s ,  t h i s  may e n h a n c e  j u v e n i l e  s u r v i v a l .  When d i s s o lv e d  oxygen 
d ro p s  d u r in g  th e  summer, c ro a k e rs  w i l l  l e a v e  t h e  d e e p  a r e a s  and  go to  
t h e  s h a l l o w s  (Chao and Musick 1977 ) .  J u v e n i l e  c ro a k e r  may a l s o  expand 
in t o  sh a l lo w  h a b i t a t s  in  y ea rs  when th e y  a r e  p a r t i c u l a r l y  ab u n d an t .
Deep c h a n n e ls  w ith  u n c o n s o l id a te d  sed im en ts  o r  a re a s  o f  s o f t  
mud bottom s w ith  h ig h  o rg a n ic  d e t r i t u s  c o n t e n t  a r e  c o n s i d e r e d  o p t i m a l  
h a b i t a t s  f o r  j u v e n i l e  c r o a k e r .  C ro a k e r  i s  an  o p p o r t u n i s t i c  bottom  
f e e d e r  whose d i e t  may in c lu d e :  m y s id s ,  d ecapods ,  a m p h ip o d s ,  c o p e p o d s ,
p o l y c h a e t e s ,  m o l l u s k s ,  f i n f i s h  and d e t r i t u s  (C hao  and M usick  1977, 
K o b y l in s k i  and S heridan  1979, D ia z  1 9 8 2 ) .  I t  seemB c e r t a i n  h o w e v e r ,  
t h a t  no one  f a c t o r  i s  c o m p le t e ly  r e s p o n s ib l e  f o r  c ro a k e r  d i s t r i b u t i o n  
w i t h i n  t h e  e s t u a r y .  F o o d ,  s u b s t r a t e ,  s a l i n i t y ,  p r o t e c t i o n  f ro m  
p r e d a t i o n  and t e m p e r a t u r e  i n t e r a c t .  D i s t i n g u i s h i n g  w h ich  i s  more 
im p o r ta n t  i s  d i f f i c u l t  (D iaz 1982).
L i t t l e  i s  known a b o u t  p r e d a t i o n  on j u v e n i l e  c r o a k e r .  F is h  
t h a t  o v e rw in te r  i n  e s t u a r i e s  may be a v o id in g  p r e d a t io n  by a d u l t  d em ersa l 
f i s h ,  a s  t h e r e  a r e  few  a d u l t s  in  th e  r i v e r s  in  th e  w in te r  ( J .  M i l l e r ,  
N o r th  C a r o l i n a  S t a t e  U n i v e r s i t y  p e r s  . c o m m . ) .  T he  h y p o t h e s i s  o f  
p r e d a t i o n  on j u v e n i l e  c ro a k e r  by s t r i p e d  b a s s  (McHugh 1967, Dovel 1968) 
shou ld  be an a ly zed .  C o r r e la t io n s  la g g in g  Maryland DNR y o u n g -o f - th e -y e a r  
s t r i p e d  b a s s  s u r v e y  d a t a  one y ea r  w i th  r e s p e c t  t o  th e  c ro a k e r  ( 0 +) th e  
n e x t  y ea r  could be  used to  t e s t  t h i s  h y p o th e s i s .  S i m i l a r  c o r r e l a t i o n s
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u s i n g  t h e  VIMS t r a w l  s u r v e y  d a t a  (1 9 5 4 - 1 9 8 2 )  f o r  s t r i p e d  b a s s  and 
c ro a k e r  shou ld  b e  examined. C a re  s h o u ld  b e  t a k e n  h o w e v e r ,  i f  s t r o n g  
s t a t i s t i c a l  coherence  i s  found. I t  i s  l i k e l y  t h a t  t h e r e  i s  no p r e d a t o r -  
p r e y  r e l a t i o n s h i p ,  b u t  t h a t  th e  j u v e n i l e s  r e a c t  i n  o p p o s i te  w ays t o  t h e  
same e n v i r o n m e n t a l  p a r a m e t e r ,  i . e . ,  c o l d  w in te r s  a r e  bad f o r  c ro a k e r  
(W ojcik 1978) b u t  a re  good f o r  s t r i p e d  b a s s  (K o h le n s te in  1980).
J u v e n i l e s ,  though more c o l d - t o l e r a n t  th a n  a d u l t s  (H ild eb ra n d  
and Cable 1930, Johnson 1978), a r e  v u ln e r a b le  to  e x t r e m e l y  c o l d  w i n t e r  
t e m p e r a t u r e s .  Low t e m p e r a t u r e s  hav e  b e e n  documented t o  b e  l e t h a l  t o  
j u v e n i l e  c ro a k e r  (Jo seph  1972, W ojc ik  1 9 7 8 ) .  P r e l i m i n a r y  l a b o r a t o r y  
s t u d i e s  showed t h a t  f e e d in g  a c t i v i t e s  o f  j u v e n i l e s  cou ld  be r e g u la t e d  by 
a l t e r i n g  t h e  t e m p e r a t u r e .  At 5°C o r  l e s s ,  f e e d i n g  a c t i v i t y  c e a s e d .  
D i s t r e s s  was n o te d  a t  1 .5°C , and 0 .5 ° -1 .0 °C  produced d e a th  w ith  24 hours 
( Jo se p h  1 9 7 2 ) .  A te m p era tu re  o f  4°C f o r  an i n d e f i n i t e  p e r io d  o f  tim e i s  
g e n e r a l l y  a c c e p t e d  a s  c r i t i c a l  ( F .  W o jc ik ,  VIMS p e r s .  comm.). T h is  
a s p e c t  i s  in c lu d e d  in  th e  model in  d e t a i l  in  C hap ter  7 .
D o w n -e s tu a ry  movement may b e  s t im u la t e d  by s e a s o n a l i t y  and 
g row th .  Small j u v e n i l e s  a re  found in  lo w e r  s a l i n i t y  w a t e r s  w i t h  s i z e  
i n c r e a s i n g  dow n-es tuary  (Haven 1957). I  o r i g i n i a l l y  in ten d ed  t o  t r y  t o  
q u a n t i f y  t h i s  movement, b u t  d a t a  management problem s p rev e n te d  t h i s .  I t  
most l i k e l y  would n o t  have been a  s i g n i f i c a n t  in p u t  t o  th e  m odel, u n le s s  
I  cou ld  have shown t h a t  j u v e n i l e  c ro a k e r  move d o w n - e s tu a r y  i n  r e s p o n s e  
t o  a  w i n t e r  t e m p e r a t u r e  d e c r e a s e .  J u v e n i l e  c r o a k e r  w ere  o b s e r v e d  
o u t s id e  t h e  m outh  o f  t h e  Bay i n  J a n u a r y  1982 ( J .  S y p e k ,  VIMS p e r s .  
co m m .) .  J o s e p h  (19 7 2 )  r e v e a le d  t h a t ,  a s  th e  w a te r  te m p e ra tu re  lo w ers ,  
th e  j u v e n i l e  c ro a k e r  move downstream and a g g re g a te  n ea r  th e  mouth o f  th e  
Chesapeake Bay where i t  i s  warmer. I t  i s  n o t  known i f  th e y  a r e  r e a c t i n g
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to  a te m p e ra tu re  change o r  i f  t h e y  a r e  b e i n g  p a s s i v e l y  c a r r i e d  down­
r i v e r  a s  t h e y  becom e m oribund*  I  h a v e  h y p o t h e s i z e d  t h a t  a su d d e n  
te m p e ra tu re  d e c re a s e  over a s h o r t  p e r i o d  o f  t i m e  c a u s e s  t h e  o b s e r v e d  
B tunned  c o n d i t i o n ,  w h i l e  a  g r a d u a l  d e c re a se  may cause  c ro a k e r  to  move 
o u t  o f  t h e  Bay to  w arm er w a t e r .  T h i s  a s p e c t  i s  n o t  d e v e lo p e d  h e r e  
b e c a u s e  i t  r e q u i r e s  a n a l y s i s  o f  th e  d i s t r i b u t i o n  o f  c ro a k e r  w i th in  th e  
Bay in  r e l a t i o n  to  bottom  te m p e ra tu re s .  These d a t a  a r e  n o t  a v a i l a b l e .  
A d d i t i o n a l  l a b o r a t o r y  e x p e r im e n t s  a re  needed o f  s p e c i f i c  s i z e  and age 
j u v e n i l e  c ro a k e r  re sp o n se s  to  t im e-dependen t d e c re a s in g  te m p e ra tu re s .
S tage IV -  A du lts
The j u v e n i l e  c r o a k e r  l e a v e  t h e  Bay a s  0 + f i s h  i n  f a l l  and 
m i g r a t e  o n to  t h e  s h e l f  ( M e r r i n e r ,  K r i e t e  and Grant 1976).  There has 
been  no q u a n t i f i c a t i o n  o f  th o se  f a c t o r s  a f f e c t i n g  s u r v iv a l  and abundance 
o f  j u v e n i l e  c ro a k e r  e i t h e r  d u r in g  th e  n e x t  summer when th e y  a re  back in  
t h e  Bay ( l + ) o r  u n t i l  t h e y  a r e  c a u g h t  c o m m e r c i a l l y .  P a r a s i t e  
p o p u l a t i o n s  i n  c r o a k e r  h a v e  b e e n  s t u d i e d  b u t  a n e g a t i v e  e f f e c t  on 
c ro a k e r  s u r v iv a l  was no t su g g es ted  by Benner (1 9 8 0 ) .
Dead y e a r l i n g  ( I +) 100 mm t o  200 mm in c h  c ro a k e r  had been 
found r e c e n t l y  in  Pamlico Sound , N o r th  C a r o l i n a  ( A u s t i n  1 9 8 1 ) .  T h is  
phenom enon has  been p r e v io u s ly  re c o rd e d  (H ild eb ran d  and Cable 1930) and 
i s  no t c o n s i d e r e d  u n u s u a l  by f i s h e r i e s  p e r s o n n e l  i n  N o r th  C a r o l i n a  
( A u s t i n  1 9 8 1 ) .  N o r th  C a r o l i n a  d a t a  on t h e s e  f i s h  k i l l s  hav e  b e e n  
o b ta in e d  ( J .  H aw kins , NCDNR/DMF/Washington, NC p e r s .  comm.) b u t  a r e  
i n s u f f i c i e n t  t o  d e te r m in e  i f  N orth  C a ro l in a  w in te r  te m p e ra tu re s  k i l l e d  
o n e -y e a r  o ld  c ro ak e r  t h a t  o v e rw in te r  in  P a m l ic o  S o u n d . I f  I + c r o a k e r  
a re  s u b je c t  to  w in te r  k i l l  in  Pamlico Sound, N .C . ,  two c o ld  w in te r s  i n  a
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ro w ,  e . g . ,  1 9 7 7 -7 8  and  1 9 7 8 -7 9 ,  w ould  b e  e s p e c i a l l y  d e l e t e r i o u s ,
+ + a f f e c t i n g  f i r s t  0 f i s h  and  r e m a in in g  I  f i s h  t h e  n e x t  y e a r .  Such
c o n d i t io n s  have a p p a r e n t l y  a f f e c t e d  c o m m e rc ia l  c r o a k e r  c a t c h  i n  t h e
Chesapeake Bay.
E n v i r o n m e n ta l  f a c t o r s  w h ich  may a f f e c t  d i s t r i b u t i o n  a n d  
a b u n d a n c e  o f  S tage IV a d u l t s ,  th o s e  r e c r u i t e d  to  th e  f i s h e r y  b u t  n o t  in  
spawning c o n d i t i o n ,  have no t  been  i d e n t i f i e d  and p ro b ab ly  e x e r t  a l e s s e r  
i m p a c t .  I t  i s  known t h a t  j u v e n i l e  c ro a k e r  make up a m ajor component o f  
th e  shrimp b y - c a tc h  in  North C a r o l in a  ( R e i s e r  1976) and a r e  r e c r u i t e d  
c o m m e r c i a l l y  a s  e a r l y  a s  a g e  I  i n  t h e  C h e sa p e a k e  Bay (Massman and 
Pacheco 1960) .  The s i g n i f i c a n c e  o f  t h i s  i s  t h a t  when s t o c k  s i z e  i s  
s m a l l ,  young f i s h  a re  a c t i v e l y  p u rsued  com m ercially  and h a rv e s te d  b e f o r e  
spaw ning. T h is  i s  ad d ressed  i n  d e t a i l  in  C hap te r  8 (Commercial C a t c h ) .  
C r o a k e r  l e a v e  t h e  e s t u a r y  a t  age  I I  and move on to  th e  s h e l f  to  spawn, 
com ple ting  th e  c i r c l e .  The a d u l t  f i s h  i s  th e n  in  S tage  IV f o r  t h e  r e s t  
o f  i t s  e x i s t e n c e .
CONCLUSIONS
The c o n c e p t u a l  c r o a k e r  l i f e  h i s t o r y  i d e n t i f i e d  th e  n e c e s s i t y  f o r  
i n v e s t i g a t i n g  sp aw n in g  t im e  and p o s i t i o n ,  l a r v a l  d i s t r i b u t i o n  a n d  
t r a n s p o r t  i n  r e l a t i o n  t o  e n v i r o n m e n t a l  f a c t o r s  on th e  s h e l f ,  and th e  
e f f e c t  on ju v e n i l e s  o f  w in te r  t e m p e r a tu r e s  w i t h i n  t h e  C h e sa p e a k e  B ay . 
S tag e s  in  which r e c r u i tm e n t  may be  a f f e c t e d  by en v iro n m en ta l  f a c t o r s  a re  
t a r g e t e d  in  a p r im ary  model o f  c ro a k e r  l i f e  h i s t o r y  shown in  F ig u re  3 . 4 .
Sub Model I ,  l a r v a l  r e c r u i t m e n t ,  combines c o n c e p tu a l  OSLR- 
b a s e d  s t a g e s  I  and I I .  F a l l  o v e r t u r n  on  t h e  s h e l f  a s  a r e s u l t  o f
36
c o o l i n g  and  t h e  s e a s o n a l  s h i f t  i n  w ind  d i r e c t i o n  and speed (summer: 
so u th w es t;  w in te r :  n o r th w e s t)  i s  a  s i g n i f i c a n t  f a c t o r  i n  d e t e r m i n i n g
t h e  e x t e n t  o f  "warm" b o t to m  w a te r s  a v a i l a b l e  to  th e  spawning c r o a k e r .  
This s t a g e  w i l l  be  q u a n t i f i e d  by a n a ly z in g  a d u l t , l a r v a l  and  p h y s i c a l  
d a t a  c o l l e c t e d  on NMFS MARMAP su rv ey s  (Appendix 3 .1  -  T a b le ) .  L a rv a l  
movement and w ind -d r iv en  t r a n s p o r t  a r e  m o d e l l e d  by  c o r r e l a t i n g  l a r v a l  
s i z e  and abundance on th e  s h e l f  w i th  l a r v a l  s i z e  and abundance over t im e 
in  r e l a t i o n  to  d a i l y  l a r v a l  grow th r a t e s ,  wind d i r e c t i o n  and s t r e n g t h .  
The h y p o t h e s i s  o f  i n t o -  and w i t h i n - t h e - B a y  t r a n s p o r t  o f  l a r v a l / p o s t -  
l a r v a l  c ro a k e r  by en tra in m e n t  in  th e  bo ttom  w a te rs  i s  a l s o  be e x a m in e d . 
U n e x p la in e d  f a l l  r e c r u i t m e n t  su c c e s s  o r  f a i l u r e  may be dependen t upon 
f i r s t  f e e d in g  s u c c e s s ,  w a te r  column s t a b i l i t y ,  p r e d a t io n ,  o r  s to c k  s i z e .
Sub Model I I ,  j u v e n i l e  s u r v i v a l ,  i s  OSLR s ta g e  I I I .  A lthough 
many f a c t o r s  may a f f e c t  j u v e n i l e  s u r v i v a l  d u r in g  t h i s  s t a g e ,  te m p era tu re  
i s  t h e  o n l y  o n e  w h ic h  w i l l  b e  a s s e s s e d .  O u tp u t  f rom  Sub M odel I  
p ro v id e s  in p u t  f o r  sub  M odel I I .  P h y s i c a l  d a t a  on  t h e  s h e l f  c a n  b e  
d i r e c t l y  c o r r e l a t e d  w ith  Chesapeake Bay j u v e n i l e  d a t a  f o r  y e a rs  when no 
b i o l o g i c a l  d a t a  e x i s t .  T h e r e f o r e  b y  u s i n g  d a t a  a s  a v a i l a b l e  t o  
e s t a b l i s h ,  t e s t  and  q u a n t i f y  r e l a t i o n s h i p s ,  th e  VIMS t r a w l  su rvey  d a t a  
b ase  (C hap te r  5) i s  used  t o  form a c o n s i s t e n t  b a s e .
Sub Model I I I ,  com m erc ia l  c a t c h ,  i s  OSUt s ta g e  IV w ith  feed  
back th rough  spawning s to c k  s i z e  (OSLR s ta g e  I )  to  Sub M odel I .  Y e a r -  
c l a s s  s t r e n g t h  in d ic e s  as  d e r iv e d  from Sub Models I  and I I  p ro v id e  in p u t
F ig u re  3 .4
B a s i c  m o d e l  o f  c r o a k e r  l i f e  h i s t o r y  s t a g e s  i n  w h ich  




















t o  Sub M odel I I I .  T h e s e , t o g e t h e r  w i t h  t h e  a g e  c o m p o s i t i o n  o f  th e  
com mercial c a tc h  a re  used in  o rd e r  to  u t i l i z e  a p p r o p r ia te  la g  t im es from 
ju v e n i l e  t o  co m e rc ia l  c a t c h .  Thus, spawning s to c k  s i z e  can be  a s s e s s e d .  
T h is  s tu d y  p r o v id e s  an  i n s i g h t  i n t o  t h e  o v e r a l l  l i f e  h i s t o r y  o f  t h e  
A t l a n t i c  c r o a k e r  and q u a n t i f i e s  a s p e c t s  o f  th e  c r o a k e r ' s  r e l a t i o n s h i p  
w i th  e n v iro n m en ta l  fo r c in g  f a c t o r s ,  r e s u l t i n g  in  a p r e d i c t i v e  m odel.
CHAPTER 4 .1  
M id -A tla n t ic  Bight M eridonal Hind Component 
and Bottom Tem peratures
INTRODUCTION
The " c o l d  p o o l " ,  f i r s t  r e p o r t e d  by  B ig e lo w  ( 1 9 3 3 ) ,  i s  a 
c o n t i n u o u s  s u b s u r f a c e  w a t e r  t y p e  l o c a t e d  o n  t h e  b o t t o m  o f  t h e  
c o n t i n e n t a l  s h e l f  between Georges Bank and Cape H a t t e r a s  (Ingham 1982b). 
A lthough i t  warms and d im in is h e s  in  volume as  th e  summer p r o g r e s s e s ,  th e  
co ld  poo l p e r s i s t s  in  th e  M id -A tla n t ic  B ig h t  i n t o  t h e  f a l l  (H o u g h to n ,  
S c h l i t z ,  B e a r d s l e y ,  Butman, and Cham berlin  1982) (F ig u re  4 . 1 . 1 ) .  The 
summer w ind  r e g im e  i n  t h e  M i d - A t l a n t i c  B i g h t  i s  s o u t h - s o u t h w e s t  
( S a u n d e r s  1 9 7 7 ,  Ingham  1 9 8 2 a ) .  T h i s  p a t t e r n  g e n e r a t e s  an  o f f s h o r e  
component i n  th e  s u r f a c e  Ekman la y e r  as  a " t w o - c e l l "  c o a s t a l  u p w e l l i n g  
s y s t e m  and b r i n g s  t h e  c o l d  p o o l  c l o s e r  t o  th e  beach  (H icks and M i l l e r  
1980, Johnson 1982) .  T h is  upw ell ing  i s  a phenomenon due to  th e  s e a so n a l  
movement o f  t h e  P o l a r  F r o n t  c r e a t e d  by  two d i s t i n c t l y  d i f f e r e n t  wind 
reg im es  (G o d s h a l l ,  W il l ia m s ,  B ishop, E v e rd a le  and F e h le r  1 9 8 0 ) ,  summer, 
M a y - A u g u s t ,  ( s o u t h w e s t e r l y )  and w i n t e r ,  O c to b e r - M a r c h ,  w h ic h  h a s  
n o r th w es t  o r  w est winds (Ingham 1982a).  The p u rp o se  o f  t h i s  p a r t  o f  th e  
c h a p t e r  i s  t o  show t h e  l i n k  b e tw e e n  t h e  c e s s a t i o n  o f  t h e  s o u t h e r l y  
(summer) m e r id o n a l  wind component and th e  r e l a x a t i o n  o f  th e  upw ell ing  in  
t h e  M i d - A t l a n t i c  B ig h t .  The r e s u l t  o f  t h i s  r e l a x a t i o n  i s  t h a t  th e  c o ld
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F ig u re  4 .1 .1
The M i d - A t l a n t i c  B i g h t ,  i n d i c a t i n g  S t a t i o n s  1 th rough  7 
which r e f e r  to  th e  te m p era tu re  s e c t i o n  in  F ig u r e  4 . 1 . 6 .
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p o o l  s l i d e s  o f f s h o r e  a l low ing  th e  a r e a l  e x t e n t  o f  "warm" bottom  w a te rs  
to  i n c r e a s e .
MATERIALS and METHODS
Bottom iso the rm s  f o r  f a l l  1967-1981 NMFS MARMAP c r u i s e s  w ere  
o b t a i n e d  f r o m  D a v i s  ( 1 9 7 9 ) ,  N ic k e r s o n  and  W rig h t  ( 1 9 8 0 ) ,  c h a r t s  
(S .  N ick e rso n ,  NOAA/NMFS/Woods H o le  Lab p e r s .  comm.) and  u n p r o c e s s e d  
d a t a  p r o v i d e d  b y  t h e  Sandy Hook and Woods Hole NMFS L a b o r a to r i e s .  To 
e q u a t e  l o c a t i o n s ,  o n ly  d a t a  s o u t h  o f  39°N l a t i t u d e ,  n o r t h  o f  3 5 °S  
l a t i t u d e ,  w e s t  o f  t h e  200 m is o b a th  and eaBt o f  t h e  smoothed c o a s t l i n e  
were c o n s id e re d .  Not a l l  c r u i s e s  sampled a s  f a r  n o r t h  a s  39°N n o r  a s  
f a r  s o u t h  a s  35°N , n e c e s s i t a t i n g  e x t r a p o l a t i o n  o f  is o th e rm s .  Bottom 
w a te r  te m p e ra tu re  d a ta  were c o n t o u r e d  u s i n g  16°C a s  an  in d e x  o f  warm 
w a t e r .  T h i s  i s o t h e r m  was c h o s e n  b e c a u s e  i t  was t h e  h i g h e s t  bo ttom  
te m p e ra tu re  r e l i a b l y  p r e s e n t  on t h e  s h e l f  f ro m  J u l y  t o  N ovem ber, t h e  
p e r i o d  c o n s i d e r e d  h e r e .  The a r e a l  e x t e n t  i n  s q u a r e  n a u t i c a l  m i le s  
(nmi) in sh o re  o f  t h e  c o n t o u r  was d e t e r m i n e d  u s i n g  hand and  d i g i t a l  
p la n im e te r s  (Welch 1948). T w en ty -s ix  s e t s  o f  i so th e rm s  spanning f i f t e e n  
y ea rs  were u s e d .  The tim e p e r i o d s  w ere  s t a n d a r d i z e d  u s i n g  n u m e r i c a l  
a s s i g n m e n t s  f o r  e a c h  t h i r d  o f  a  m o n th ,  a s  f o l l o w s :  J u ly  -  1 ,  2 ,  3 ;
August -  4 ,  5 ,  6; September -  7 ,  8 ,  9; O ctober -  10 , 11, 12; November -  
13, 14, 15 . T h ird s  o f  months were used  b e c a u se  t e n  days was th e  av e ra g e  
tim e needed to  c o l l e c t  bo ttom  te m p era tu re  d a t a  a c r o s s  t h e  w h o le  B i g h t .  
I n  t h e  monthB w i t h  more t h a n  30 d a y s ,  th e  l a s t  t h i r d  c o n ta in e d  e le v e n  
d a y s .
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Time s e r i e s  p l o t s  (1977-1981) o f  bo ttom  te m p era tu re s  a t  th e  
mouth o f  th e  Chesapeake Bay u t i l i z e d  th e s e  same MARMAP d a t a .  T r a n s e c t  
l o c a t i o n  and s t a t i o n  d e s ig n a t io n s  (F ig u re  4 . 1 .1 )  co rresponded  to  th o se  
used by  th e  1965-66 R/V DOLPHIN c r u i s e s  ( B e r r i e n ,  F a h a y ,  K e n d a l l  and 
Smith 1978).
Hourly a n d / o r  t h r e e - h o u r l y  w ind  o b s e r v a t i o n s  from  N o r f o lk  
a i r p o r t ,  V i r g i n i a  w ere  o b t a i n e d  t h r o u g h  t h e  N a t i o n a l  C l i m a t i c  D ata 
C en te r  (NCDC), A s h e v i l l e ,  N.C. N o rfo lk  a i r p o r t ,  36°51  N, 76°12  W, i s  
9 .1  m a b o v e  s e a  l e v e l ,  6 .4  km to  th e  n e a r e s t  w a te r ,  and 17 .8  km to  th e  
open c o a s t  (Raynor and Hayes 1981). These d a t a  w ere  v a l i d a t e d  f o r  u s e  
o f f s h o r e  by F r e d e r ic  G odsha ll  (NOAA/National E nvironm enta l S a t e l l i t e  and 
D a ta  I n f o r m a t i o n  S e r v i c e  (N E S D IS )/M arin e  E n v i r o n m e n ta l  A s s e s s m e n t  
D i v i s i o n  (MEAD) p e rs .c o m m .) .  His a n a ly s e s  compared th e  ave rage  monthly 
c l im a t o lo g ic a l  ran g e  o f  1947-1980 N o r fo lk  w in d s  w i t h  1 9 0 6 -1980  m a r in e  
o b s e r v a t i o n s  i n  b l o c k s  o f  one  d e g r e e  l a t i t u d e  an d  o n e - h a l f  d e g r e e  
l o n g i t u d e .  The r e s u l t i n g  s h i f t  i n  d i r e c t i o n  o f f s h o r e  c o m p a re d  t o  
N o r f o lk  was from 0 to  4 d eg rees  to  th e  r i g h t  w i th  t h e  speed a d ju s te d  by 
a f a c t o r  o f  1 .0  to  1 .4  (Appendix 4 .1 .1  -  F i g u r e s ) .  S ince  G o d s h a l l  f e l t  
t h e s e  f a c t o r B  w ere  m i n im a l ,  N o r f o lk  a i r p o r t  d a t a  w e re  n o t  a d ju s t e d  
(Appendix 4 . 1 .2  -  T e x t ) .
U p w e l l in g  c a u s e d  by  l o n g s h o r e  winds i s  l o n g - l i v e d ,  whereas 
t h a t  due to  an o f f s h o r e  wind i s  e p h e m e ra l  (C sa n d y  1 9 8 1 a ) .  T h e r e f o r e  
m e rid o n a l  components were averaged  w eekly  and p l o t t e d  as  two-week moving 
av e ra g es  by th e  VIMS Prime 850 com puter ,  u s in g  oceanograph ic  c o n v e n t io n  
f o r  c u r r e n t s ,  i . e . ,  i n d i c a t i n g  th e  d i r e c t i o n  toward which th e  w a te r ,  in  
t h i s  c a s e  a i r ,  i s  moving. M e t e o r o l o g i c  c o n v e n t i o n  i s  d i r e c t i o n  from  
w h ich  t h e  wind i s  b lo w in g .  The te m p e ra tu re  c o n to u rs  in d i c a te d  t h a t  th e
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warm w ate r  was p r e s e n t  on tb e  s h e l f  p r i o r  t o  t h e  o n s e t  o f  s t r o n g  w inds 
b lo w in g  from  th e  n o r th  i n  th e  f a l l .  Thus, t h e  t im e  o f  c e s s a t i o n  o f  th e  
p ro lo n g ed  s o u th e r ly  winds (m e te o r lo g ic  c o n v e n t io n )  was d e s ig n a te d  as  th e  
end  o f  t h e  summer r e g i m e ,  even  th o u g h  no n o r t h e r l y  component waB y e t  
p r e s e n t .  T h is  r e l a x a t i o n  o f  th e  s o u th e r ly  wind component was a s s i g n e d  
a v a l u e  1 - 1 5  c o r r e s p o n d i n g  t o  t h e  t im e  s c a l e  by  t h i r d s  o f  month 
d e s c r ib e d  f o r  te m p e ra tu re  c o l l e c t i o n s .
2
E ach  e x p l a i n e d  v a r i a n c e  (R ) was a d ju s te d  fo r  sm a l l  sample 
s i z e  based  upon d e g r e e s  o f  f reed o m  in  e a c h  p a r t i c u l a r  r e l a t i o n s h i p .  
L in e a r  and p a r a b o l i c  r e g r e s s io n  e q u a t io n s  were de term ined  u s in g  B usiness  
G raph ics  s o f tw a re  on an Apple H e  com puter.
RESULTS
The sh a d e d  a r e a s  above  t h e  l i n e  i n  F i g u r e  4 . 1 . 2  i n d i c a t e  
s o u t h e r l y  w in d s ,  i . e .  summer w in d s  w h ich  b lo w  to w a rd s  th e  n o r t h  and 
c a u s e  u p w e l l i n g .  Numbered r e c t a n g l e s  i n d i c a t e  t i m e  o f  a s s i g n e d  
c e s s a t i o n  o f  th e  summer w inds .  The average  t im e  o f  th e  c e s s a t i o n  f o r  15 
y e a r s  was 6 . 6 ,  th e  end o f  August t o  th e  b e g i n n i n g  o f  S e p te m b e r .  Some 
y e a r s  h a d  a c l e a r - c u t  s h i f t  f ro m  a  p r e d o m i n a n t l y  s o u t h e r l y  t o  a 
p re d o m in a te ly  n o r t h e r l y  regim e (1968 , 1 9 7 0 , 1 9 7 2 ,  1 9 7 7 ) .  O th e r  y e a r s  
w e re  n o t  a s  a b r u p t  (1 9 7 1 ,  1975, 1976), For t h i s  r e a s o n ,  th e  c e s s a t i o n  
t im e  was d e s ig n a te d  based  on th e  fo l lo w in g  c r i t e r i a  u s i n g  m e t e o r o l o g i c  
c o n v e n t i o n :  1 )  t h e  f i r s t  c r o s s i n g  o f  t h e  a x i s  f ro m  s o u t h e r l y  t o
n o r t h e r l y ;  2) th e  c e s s a t i o n  o f  th e  s t r o n g  s o u t h e r l y  c o m p o n e n t;  3 )  t h e  
commencement o f  th e  s t ro n g  n o r th e r l y  component.
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F ig u re  4 .1 .2
M e r id o n a l  w ind component fo r  N orfo lk  a i r p o r t ,  V i r g in i a ,  
1 9 6 7 -1 9 8 1 .  S haded  a r e a s  a b o v e  t h e  a x i s  i n d i c a t e  t h e  
summer w ind reg im e which blows from th e  s o u th  and causes  
u p w e l l i n g .  N um bered r e c t a n g l e s  d e s i g n a t e  t i m e  o f  
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The c o n to u rs  o f  th e  16°C bo ttom  iso th e rm s  were examined a t  th e  
a s s i g n e d  t i m e s  o f  w ind c e s s a t i o n .  F ig u re  4 .1 .3  shows c o n to u rs  o f  16°C 
a t  26 sampling t im e s .  When sampled a t  t h e  end  o f  S e p te m b e r  t h e  a r e a l  
e x t e n t  o f  16°C w a te r  show t h e  e f f e c t s  o f  p r o g r e s s iv e ly  l a t e r  t im es o f  
wind c e s s a t i o n :  m id - A u g u s t ,  1981 ; b e g i n n i n g  o f  S e p t e m b e r ,  1 9 7 4 ;
m id - S e p te m b e r ,  1979 ; end o f  Septem ber, 1980; and b eg in n in g  o f  O ctober ,  
1977. T h e re  i s  a  n o t i c e a b l e  d i f f e r e n c e  i n  p o s i t i o n  o f  t h e  c o n t o u r  
o f f s h o r e  i n  1 9 8 1 ,  t h e  y e a r  o f  e a r l y  w ind  c e s s a t i o n ,  a s  com pared to  
in s h o re  w i th  th e  l a t e  c e s s a t i o n  i n  1977.
The t re n d  i s  from l a r g e  a r e a l  e x t e n t  o f  bo ttom  w a te rs  o f  16°C
or g r e a t e r  te m p era tu re  and e a r l y  summer w ind c e s s a t i o n  t o  s m a l l  a r e a l
e x t e n t  and  l a t e  summer wind c e s s a t i o n .  T h is  i s  e s p e c i a l l y  ap p a re n t  a t
th e  e x tre m e s .  However, t h e r e  i s  no s i g n i f i c a n t  s t a t i s t i c a l  c o r r e l a t i o n  
2
(R = 0 . 1 1 ,  n=26) (A p p en d ix  4 . 1 . 3  -  F ig u re )  becau se  o f  many m id -ran g e ,  
" av e rag e"  y e a r s .  The tim e  o f  d a t a  c o l l e c t i o n  i s  s i g n i f i c a n t l y  r e l a t e d  
to  t h e  a r e a l  e x t e n t  o f  warm w a te r  (R -  0 .6 1 ,  n=26) (Appendix 4 . 1 .4  -  
F i g u r e ) .  To a d j u s t  f o r  t h i s  a d d i t i o n a l  e f f e c t ,  I  c a l c u l a t e d  a w in d -  
c r u i s e  i n t e r v a l  by s u b t r a c t i n g  th e  t im e o f  th e  c o l l e c t i o n  from t h a t  o f
th e  wind c e s s a t i o n .  These a r e  p l o t t e d  on t h e  a b c i s s a  i n  F i g u r e  4 . 1 . 4
2 * 2 v e r s u s  t h e  a r e a  (nmi) o f  warm w a te r  p l o t t e d  on th e  o r d i n a t e  (R *» 0 .7 8 ,
n = 2 6 ) . T h is  r e l a t i o n s h i p  shows t h a t  78% o f  t h e  v a r i a t i o n  i n  t h e  a r e a l
e x t e n t  o f  warm w ate r  on th e  s h e l f  observed  by  th e  f a l l  HMFS c r u i s e s  was
e x p la in e d  by th e  tim e in te rv e n in g  be tw een  t h e  c e s s a t i o n  o f  t h e  summer
w i n d s  a n d  t h e  o b s e r v a t i o n  o f  b o t t o m  t e m p e r a t u r e s .  U sin g  t h i s
r e l a t i o n s h i p  to  c o r r e c t  f o r  t h e  c o l l e c t i o n  t i m e ,  t h e  a r e a l  e x t e n t  o f
b o t to m  w a t e r  g r e a t e r  th a n  o r  eq u a l  to  16°C (nm i)^  can  b e  a d ju s t e d  to  a
s p e c i f i c  c o l l e c t i o n  t im e .  A l i n e a r  r e l a t i o n s h i p  e x i s t s  between th e  time
F ig u re  4 .1 .3
L o c a t io n  o f  th e  16°C iso th e rm  in  t h e  M i d - A t l a n t i c  B ig h t  
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o f  th e  wind c e s s a t i o n  and th e  a r e a l  e x te n t  o f  warm bo ttom  w a te rs  (F ig u re  
4 . 1 .5 )  (Appendix 4 . 1 .5  -  F i g u r e s ) .  The s lo p e  i s  s t e e p e r  and t h e  f i t  i s
b e t t e r  e a r l i e r  in  th e  season  b ecause  th o s e  warm w a te rs  a f f e c t e d  a t  t h i s
tim e a r e  l i k e l y  t o  h a v e  b e e n  c a u s e d  by  t h e  c e s s a t i o n  o f  u p w e l l i n g .  
L a t e r  i n  t h e  f a l l ,  t h e r e  i s  m ore  v a r i a t i o n  in  d a t a  due to  mixing and 
f a l l  o v e r tu r n .
DISCUSSION
Form ing, in  p a r t ,  as  Gulf o f  Maine I n t e r m e d i a t e  W ate r  i n  t h e  
w i n t e r ,  t h e  c o l d  p o o l  i s  a d v e c t e d  s o u th w a rd  a l o n g  m i d - s h e l f  in  th e  
M id -A t la n t ic  B igh t (MAB) (Shaw 1982).  T ra n s p o r t  t im e  o f  t h e  c o l d  p o o l
f ro m  t h e  New York B ight (NYB) to  th e  Chesapeake Bay o f f in g  i s  abou t 150
days (B e a rd s le y ,  B o icou rt  and Hansen 1 9 7 6 ) .  T h u s ,  t h e  F e b r u a r y - A p r i l  
NYB c o l d  p o o l  w a t e r s  a r e  i n  t h e  s o u t h e r n  M id -A tla n t ic  B ight (MAB) in  
J u l y - S e p t e m b e r  (A p p en d ix  4 . 1 . 6  -  T e x t ) .  T h e  c o l d  p o o l  h a s  b e e n  
d o c u m e n te d  o f f  Chesapeake Bay (Whitcomb 1970) and i t s  s p a t i a l  s t r u c t u r e  
i l l u s t r a t e d  u s in g  1979 MARMAP bottom  te m p e ra tu re  c h a r t s  (Houghton e t  a l .  
1 9 8 2 ) .  Maximum s h e l f  b o t to m  t e m p e r a t u r e s  o f f  th e  Chesapeake Bay a r e  
d e la y e d  u n t i l  Septem ber, O ctober,  o r  as l a t e  as  November though  maximum 
s u r f a c e  t e m p e r a t u r e s  o c c u r  i n  t h e  MAB i n  A ugust .  T h is  i s  due to  th e  
s e a s o n a l  wind s h i f t ,  r e l a x a t i o n  o f  u p w e l l in g ,  and subsequen t movement o f  
w a rm e r  w a t e r s  i n t o  t h e  a r e a  a s  t h e  c o l d  p o o l  moves o f f s h o r e ,  as  
e x p la in e d  be low .
O n s h o r e - o f f s h o r e  f l o w s  i n  t h e  u p p e r  Ekman l a y e r  a r e  
co m p en sa ted  by o p p o s i t e  f lo w s  i n  t h e  lo w e r  l a y e r  ( B e a r d s l e y  e t  a l .  
1 9 7 6 ) .  S u r f a c e  w a te rs  f low  away from sh o re  when a  wind i s  blow ing w ith
F ig u re  4 .1 .5
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The p r e d i c t e d  a r e a  (nmi) o f  w a te r  g r e a t e r  th a n  o r  equal 
t o  16°C t h a t  would be  on th e  s h e l f  a t  d e s i g n a t e d  t i m e s :  
3 V I I I  -  end o f  A u g u s t ,  1 IX -  b eg in n in g  o f  September, 
2 IX -  m idd le  o f  S e p te m b e r ,  3 IX -  end o f  S e p te m b e r .  
B a s e d  o n  t h e  t i m e  o f  t h e  summer w ind c e s s a t i o n  and 
c a l c u l a t e d  from th e  r e l a t i o n s h i p  e s t a b l i s h e d  i n  F i g u r e  
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t h e  c o a s t  on i t s  l e f t  i n  t h e  n o r t h e r n  h e m is p h e r e .  T h is  c r e a t e s  a  
d i v e r g e n c e ,  a n d  d e e p  w a t e r s  a r e  u p w e l l e d  a l o n g  t h e  c o a s t  
(Cushman-Roison, O 'B r ie n ,  and Smith 1 9 8 3 ) .  U p w e l l in g  o f  d e n s e  w a t e r s  
a l o n g  t h e  e a s t  c o a s t  o f  th e  U. S. a l s o  has been documented (E . R uzeck i,  
VIMS p e r s .  comm.). O ffsh o re  s u r f a c e  Ekman t r a n s p o r t  r e s p o n d s  t o  t h e  
l o c a l  w in d s  w i t h i n  a few h o u r s ,  b u t  u p w e l l in g  r e q u i r e s  a few days o f  
p e r s i s t e n t  w in d s  ( J o h n s o n  1 9 8 2 ) .  A m odel o f  t i m e - d e p e n d e n t  q u a s i -  
g e o s t r o p h i c  u p w e l l i n g  shows t h a t  i n i t i a l l y ,  t h e  o n sho re  flow  i n  th e  
w a te r  co lum n b a l a n c e s  t h e  o f f s h o r e  to p  Ekman volum e f l u x .  As t im e  
p r o g r e s s e s ,  t h e  b o t to m  Ekman l a y e r  s u p p l i e s  in c r e a s in g ly  more o f  th e  
r e q u i r e d  o n sho re  f lu x  and th e  onshore flow  in  th e  i n t e r i o r  o f  t h e  w a te r  
c o lu m n  d e c r e a s e s  ( J a n o w i t z  and F i e t r a f e s s a  1 9 8 0 ) .  T h i s  m ode l was 
f a v o ra b ly  compared w i th  d a t a  c o l l e c t e d  in  Onslow Bay, N.C.
Movement o f  b o t to m  w a t e r s  c a n  r e s u l t  f rom  p e r s i s t a n t  weak 
winds from th e  so u th  (H icks and  M i l l e r  1 9 8 0 ) ,  a s  w e l l  a s  e p i s o d e s  o f  
s t r o n g  s o u th e r l y  w inds .  The d u r a t i o n  o f  th e  l o c a l  winds seems t o  b e  th e  
d e t e r m i n i n g  f a c t o r  ( J o h n s o n  1 9 8 2 ) .  D e p r e s s i o n  o f  s u r f a c e  w a t e r  
t e m p e r a t u r e s  h a s  b e e n  o b s e r v e d  o f f  N o r t h  C a r o l i n a  f o l l o w i n g  
s o u th w e s te r ly  winds i n  J u ly  and August (V e i ls  and Gray 1960). Two d a y s  
o f  s t r o n g  s o u t h e r l y  w in d s  c a u s e  u p w e l l i n g  o f  t h e  c o l d  p o o l  and a re  
documented a s  r e s p o n s i b l e  f o r  d r o p p in g  t h e  s u r f  t e m p e r a t u r e  a t  Long 
B ra n c h ,  N . J .  f ro m  1 8 .3 °C  t o  9 .0 °C  in  m id - J u ly  1976 (Hicks and M i l l e r  
19 8 0 ) .  S im i la r  o ccu r ren c es  were a l s o  r e p o r te d  f o r  August and S ep te m b er  
1 9 7 3  ( H i c k s  a n d  M i l l e r  1 9 8 0 ) .  D u r i n g  p e r i o d s  o f  p r e v a i l i n g  
s o u t h w e s t e r l y  w in d s ,  u p w e l l i n g  s h o u ld  o c c u r  a lo n g  t h e  New J e r s e y -  
V i r g i n i a  c o a s t  ( Ingham  1982b) . U p w e l l in g  wind components c o r r e l a t e d  
w e l l  w ith  a  c o n c u r re n t  change in  sh a l lo w  b o t to m  w a t e r  t e m p e r a t u r e s  o f
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A t l a n t i c  C i t y ,  N ..J . i n  J u n e -A u g u s t  1 9 8 1 ,  in d i c a t i n g  t h a t  summer tim e 
u p w e l l i n g  o c c u r s  i n  t h a t  p o r t i o n  o f  t h e  M i d - A t l a n t i c  B i g h t  a l s o  
(M. Ingham, NOAA/HMFS/Atlantic Environm enta l Group (AEG) p e r s .  comm.).
The c l im a t o lo g ic a l  (1941-72) mean d i r e c t i o n a l  s h i f t  (sum m er-  
f a l l )  o f  t h e  m e r i d o n a l  w ind com ponen t o c c u r s  a t  t h e  end o f  A u g u st  
(Saunders  1977).  A mixed wind p a t t e r n  i s  a v e r a g e  f o r  S e p te m b e r  th e n  
n o r t h w e s t  w inds  f o r  O ctober (B ishop 1980a).  Wind d a t a  f o r  th e  f a l l  o f  
1963 and 1964 (H a r r i s o n ,  N o rc ro ss ,  S ta n le y  and Fore  1967) show t h a t  t h i s  
w ind s h i f t  o c c u r r e d  between th e  end o f  August and th e  end o f  September 
b o th  y e a r s .  The r e s u l t s  shown h e re  a r e  c o n s i s t e n t  w i t h  t h e s e  e a r l i e r  
o b s e r v a t i o n s .  O b s e r v a t i o n s  o f  b o t t o m  t e m p e r a t u r e s  i n  t h e  f a l l  
(A u g u s t-N o v e m b e r)  1975 ,  1 9 7 6 ,  and 1977  ( W e lc h  a n d  R u z e c k i  1 9 7 9 )  
s u b s t a n t i a t e  t h e  e f f e c t  o f  t h e  t im e  o f  Bummer w ind c e s s a t i o n  and 
p o s i t i o n  o f  t h e  c o l d  p o o l .  The p r e s e n c e / a b s e n c e  and o n s e t  o f  warm 
bottom  w a te rs  t h a t  they  documented compared f a v o ra b ly  to  th e  t im e o f  th e  
summer wind c e s s a t i o n  ana lyzed  h e re :  f i r s t  in  1976 (m id -Ju ly )  , n e x t  i n
1975 (end  o f  S ep tem ber) ,  and l a s t  in  1977 (b e g in  o f  O c to b e r ) .
F i g u r e  4 . 1 . 6  shows t h e  s e a s o n a l  and i n t e r a n n u a l  s p a t i a l  
v a r i a t i o n  o f  b o t to m  t e m p e r a t u r e s  on t h e  s h e l f  a t  t h e  m outh  o f  t h e  
C h e s a p e a k e  Bay e x t e n d i n g  from  n e a r s h o r e  ( S t a t i o n  1 )  t o  o f f s h o r e  
( S t a t i o n  7 ) .  The o f f s h o r e  p e r s i s t e n c e  o f  th e  8°C c o ld  poo l w a te r  in  
1979 n o te d  by Houghton e t  a l .  (1982) i s  seen  h e r e .  Cold p o o l  w a te r s  can 
b e  s e e n  a t  t h e  e d g e  o f  t h e  s h e l f  in  o th e r  y ea rs  a l s o ,  a l th o u g h  e x te n t  
and p e r s i s t e n c e  appears  to  v a ry  y e a r  to  y e a r .
C o m p a r iso n  o f  t h e  d i s t r i b u t i o n  o f  b o t to m  w a t e r  is o th e rm s  
(F ig u re  4 . 1 .6 )  to  th e  m eridona l wind component ( F i g u r e  4 . 1 . 2 )  p r o v i d e s  
i n s i g h t  i n t o  t h e  s e a s o n a l  B e a le  o f  r e s p o n s e  o f  b o t to m  w ater  to  wind
F ig u re  4 .1 .6
B ottom  t e m p e r a t u r e s  (1 9 7 7 -1 9 8 1 )  a t  a t r a n s e c t  o f f  th e  
m outh  o f  t h e  C h e s a p e a k e  B ay. S t a t i o n  1 i s  i n s h o r e ,  
S t a t i o n  7 i s  a t  th e  edge o f  th e  s h e l f .  See F ig u re  4 .1 .1  
f o r  s t a t i o n  l o c a t i o n s .
N 0 I 1 V 1 S
53
f o r c i n g .  A l a t e  ( e a r l y  O ctober) c e s s a t i o n  o f  th e  s o u th e r ly  component in  
1977 r e s u l t e d  i n  16°-  18°C v a t e r  p r i m a r i l y  i n  S ep te m b e r  and O c t o b e r .  
T h e  16°C  i s o t h e r m  e x t e n d s  o u t  j u s t  p a s t  S t a t i o n  5 .  A n o th e r  l a t e  
c e s s a t i o n  (end  o f  September) in  1980 shows 16°C w ate r  e x te n d in g  se a w a rd  
a p p ro x im a te ly  th e  same d i s t a n c e .  However, weak summer winds and la ck  o f  
o n s e t  o f  s t r o n g  w in te r  ( n o r t h e r l y )  winds produced a  d i f f e r e n t  p a t t e r n .  
The 16°C w a t e r  l a s t e d  l o n g e r  ( J u l y  -  December) in  1980 th a n  i t  d id  in  
1977.
A s l i g h t l y  e a r l i e r  (mid-Septem ber) s h i f t  in  1979 allow ed th e  
16°C iso th e rm  to  ex tend  seaward to  S t a t i o n  6 .  Weak summer and w i n t e r  
w in d s  a l l o w e d  16°C w a t e r  t o  b e  p r e s e n t  n e a r s h o r e  f rom  J u n e  th ro u g h  
November. The shoreward d ip s  in  th e  16° , 12° ,  10° and 8°C iso the rm s  a r e  
r e s p o n s e s  t o  t h e  A u g u s t - S e p te m b e r  s t r e n g t h e n i n g  o f  t h e  s o u t h e r l y  
component fo l lo w in g  a p e r io d  o f  weak w inds  w h ich  a l lo w e d  t h e s e  w arm er 
w a te r s  to  ex ten d  o f f s h o r e  d u r in g  J u ly  and A ugust.
E a r ly  c e s s a t i o n  o f  summer winds (m id-A ugust) in  1978 and 1981 
a i d e d  t h e  e x t e n s i o n  o f  warm w a t e r  o f f s h o r e  to  S t a t i o n  7 .  The sudden 
s h i f t  i n  t h e  predominance o f  th e  wind d i r e c t i o n  i n  1981 pushed t h e  20°C 
i s o t h e r m  f a r t h e r  o f f s h o r e  th a n  in  any o th e r  y e a r .  Seaward movement o f  
16°G w a t e r  i n  J u l y  1978 a p p e a r s  t o  b e  a r e s p o n s e  t o  a t e m p o r a r y  
r e d u c t i o n  o f  t h e  s o u t h e r l y  c o m p o n e n t .  The a b r u p t  c e s s a t i o n  o f  th e  
s o u th e r ly  wind component can be Been in  th e  16° and 18°C is o th e rm s  t h a t  
y e a r  aB warm w a te rs  q u ic k ly  go o f f s h o r e  a t  th e  beg innn ing  o f  September.
As th e  winds b e g in  to  r e l a x ,  t h e  n e a r - b o t t o m  l a y e r  r e s p o n d s  
f i r s t  w i th  down s lo p e  f low  (Johnson 1977 ) .  Response in  th e  upper l a y e r s  
i s  r e l a t i v e l y  s low , p e r s i s t i n g  a  few days  b eyond  t h e  c e s s a t i o n  o f  t h e  
c a u s a t i v e  w in d s  ( J o h n s o n  1 9 7 7 ,  L ew is  1 9 8 1 ) .  W ith  th e  s e a s o n a l  f a l l
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s h i f t  from a sou thw est wind reg im e, u p w e ll in g  c e a s e s ,  and th e  c o l d  p o o l  
r e t u r n s  o f f s h o r e ,
CONCLUSIONS
R e l a x a t i o n  o f  t h e s e  w in d s  c a u s e s  re a d ju s tm e n t  o f  th e  w ater  
column and a  r e d i s t r i b u t i o n  o f  th e  b i o t a  (Johnson 1977).  J u s t  as  bottom  
f i s h e s  c a n  b e  t rap p e d  c lo s e  to  th e  beach  by  upw ell ing  (Hicks and M i l l e r  
1980),  i t s  r e l a x a t i o n  can r e s u l t  i n  an  e x p a n s io n  o f  t h e  a r e a  o f  warm 
b o t to m  w a te r s  a v a i l a b l e  t o  f i s h e s .  T h is  cou ld  s t im u la t e  f i s h  m ig ra t io n  
t h a t  i s  cued by te m p e ra tu re .  The r e l a t i o n s h i p s  e s t a b l i s h e d  h e r e ,  b a s e d  
on t h e  c e s s a t i o n  o f  th e  s o u th e r ly  wind component (F ig u re  4 . 1 . 5 ) ,  can be 
u sed  to  p r e d i c t  th e  amount o f  warm w a te r  t h a t  w i l l  be  a v a i l a b l e  on t h e  
b o t to m  o f  t h e  M id - A t l a n t i c  B ight a t  s p e c i f i c  tim e p e r io d s  o f  th e  f a l l .  
These can be a p p l ie d  to  p r e d i c t  a f f e c t  on f i s h  m ig ra t io n  th rough  tim e o f  
o n s h o re /o f f s h o re  c o n s t r a i n t s .
T h is  concep t i s  d i r e c t l y  a p p l i c a b l e  to  t h e  A t l a n t i c  c r o a k e r  
( M ic ro p o e o n ia s  undu l a t u s )  . a f a l l  spawner on th e  MAB c o n t i n e n t a l  s h e l f .  
T h is  s o u th e rn  dem ersa l s p e c i e s ,  whose m ig ra t io n  i s  cued by t e m p e r a t u r e ,  
r e q u i r e s  warm w a t e r  to  spawn (Bearden 1964).  T h e re fo re ,  th e  expansion  
and c o n t r a c t i o n  o f  warm bottom  w ate rs  would d i r e c t l y  a f f e c t  t h e  s i z e  o f  
t h e  sp aw n in g  g ro u n d  o f  t h e  c r o a k e r .  The p h y s ic a l  c o n s t r a i n t s  o f  th e  
northw ard  and o f f s h o re  l i m i t s  o f  th e  spawning ground o f  th e  c r o a k e r  and  
o t h e r  s p e c i e s  w i t h  s i m i l a r  l i f e  h i s t o r i e s ,  h a s  i m p l i c a t i o n s  f o r  
r e c ru i tm e n t  o f  l a r v a e  and  j u v e n i l e s  t o  t h e  C h e sa p e a k e  B ay . T h i s  i s  
i n v e s t ig a t e d  in  C hap ter  4 .2 .
CHAPTER 4 .2
Spawning Times and L o ca t io n s  o f  A t l a n t i c  C roaker 
(M icropoeonias  u n d u la tu s )  i n  th e  M id -A tla n t ic  B igh t
INTRODUCTION
T h e  A t l a n t i c  c r o a k e r ,  M i c r o p o e o n i a s  u n d u l a t u s . h a s  
h i s t o r i c a l l y  b e e n  an  i m p o r t a n t  c o m m e rc ia l  s p e c ie s  a lo n g  th e  A t l a n t i c  
c o a s t  o f  th e  U n i te d  S t a t e s ,  e s p e c i a l l y  i n  t h e  C h e s a p e a k e  Bay r e g i o n  
( F i g u r e  4 . 2 . 1 ) .  I n t e r e s t  i n  i t s  s p a w n in g  s e a s o n  and  l o c a t i o n  was 
e x p re s se d  as  e a r l y  as  1923 (Welsh and B reder 1923) . The common b e l i e f  
h a s  b e e n  t h a t  c r o a k e r ,  a d e m e r s a l  s p e c i e s ,  spawn o f f s h o r e  in  t h e  f a l l  
and e a r l y  w i n t e r .  The h i s t o r i c a l  b a s i s  o f  t h i s  stems from l a r v a l / p o s t -  
l a r v a l  c o l l e c t i o n s  o f  c r o a k e r  in  th e  Chesapeake Bay (Welsh and B reder 
1923, H ild e b ra n d  and S chroeder  1928, W allace  1940, P e a r s o n  1 9 4 1 ,  Raney 
and Massman 1953),  in  B e a u fo r t  I n l e t ,  South  C a ro l in a  (B earden  1964) ,  and 
i n  th e  p a s se s  a long  th e  Texas c o a s t  (P e a rso n  1929, G unter 1945 , S u t t k u s  
1 9 5 5 ) ,  and  f ro m  v e r y  l i m i t e d  o b s e r v a t io n s  o f  gon ad a l  c o n d i t io n s  (Welsh 
and B reder 1923, H ildeb rand  and Schroeder  1928). S e v e r a l  a u t h o r s  h a v e  
s u c c i n c t l y  rev iew ed  the  l i t e r a t u r e  a v a i l a b l e  on c ro a k e r  spawning b o th  i n  
th e  A t l a n t i c  and t h e  G u lf  o f  M exico  (H aven  1 9 5 7 ,  P o w le s  and  S t e n d e r  
1978, Thomas 1978).
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F ig u re  4 .2 .1
The M id -A tla n t ic  B igh t s tudy  a r e a .  S ta t io n s  1 th rough  5 , 
in d i c a t e d  a t  the  Chesapeake Bay mouth and Cape H a t t e r a s ,  
a r e  r e f e r r e d  t o  i n  F i g u r e  4 . 2 . 7 .  S t a t i o n  5 a t  Cape 
H a t t e r a s ,  n o t  shown h e r e ,  i s  a t  t h e  200  m c o n t o u r ,  
s l i g h t l y  s o u th  o f  35°N.
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There i s  a  s o u th w a rd  p r o g r e s s i o n ,  f ro m  t h e  C h e s a p e a k e  Bay 
t h r o u g h  N o r t h  C a r o l i n a ,  o f  commencement and  c e s s a t i o n  o f  c r o a k e r  
spawning a c t i v i t y  (H ild eb ran d  and Cable 1930),  N orth  o f  Cape H a t t e r a s ,  
sp aw n in g  t a k e s  p l a c e  f ro m  A u g u s t  o r  e a r l y  September th rough  December 
(Johnson  1978, C o lto n ,  S m ith ,  K e n d a l l ,  B e r r i e n  and  F ah ay  1 9 7 9 ,  M orse 
1 9 8 0 ) ,  a l t h o u g h  s p r i n g  sp aw n in g  h a s  a l s o  been su g g es ted  (Haven 1957, 
Chao and Musick 1 9 7 7 ) .  S o u th  o f  Cape H a t t e r a s  sp aw n in g  o c c u r s  f ro m  
September o r  O ctober th ro u g h  January-M arch (P ea rso n  1929, H ildeb rand  and 
Cable 1930, Bearden 1964, Warlen 1980) w i th  th e  peak  l a t e  S e p te m b e r  t o  
November ( f fa r len  1980).  I t  has been h y p o th e s iz e d  t h a t  th e se  d i f f e r e n c e s  
a r e  th e  r e s u l t  o f  s e p a r a t e  sp aw n in g  s t o c k s  n o r t h  and s o u t h  o f  Cape 
H a t t e r a s  (W hite and C h i t te n d e n  1977, Morse 1980).
Time and l o c a t i o n  o f  peak A t l a n t i c  c ro a k e r  sp aw n in g  may v a r y  
y e a r  t o  y e a r  as  su g g es ted  by th e  above r e p o r t s ,  even though c ro a k e r  a re  
p r o t r a c t e d  sp a w n e rs .  The c r o a k e r  i s  t h o u g h t  t o  m i g r a t e  o u t  o f  e a s t  
c o a s t  e s t u a r i e s  t o  sp aw n , s t i m u l a t e d  by  p h o t o p e r i o d  and 18° to  25°C 
s h e l f  w a te r s  (Warlen 1980 ) .  Water t e m p e r a t u r e  h a s  a  d i r e c t  e f f e c t  on 
c r o a k e r  m i g r a t i o n  ( B e a r d e n  1 9 6 4 ,  J o h n s o n  1977),  th u s  i t  i s  l i k e l y  to  
a f f e c t  s p a w n in g  t i m i n g  and  l o c a t i o n .  C r o a k e r  t a g g e d  o f f  Maryland-* 
V i r g i n i a  i n  t h e  f a l l  m ig ra te  southward to  N orth  C a ro l in a  w a te rs  (Haven 
1959).  One o b j e c t i v e  o f  t h i s  c h a p te r  i s  to  d e s c r i b e  t h e  sp aw n in g  t im e  
and  d i s t r i b u t i o n  o f  A t l a n t i c  c r o a k e r  i n  t h e  M i d - A t l a n t i c  B ig h t  and 
a ro u n d  Cape H a t t e r a s  and  t o  show t h a t  t h e y  a r e  l i n k e d  t o  b o t t o m  
te m p e ra tu re s  on th e  c o n t i n e n t a l  s h e l f .
The summer so u th w e s te r ly  winds c a u s e  b o t to m  t e m p e r a t u r e s  o f  
t h e  M i d - A t l a n t i c  B ig h t  t o  b e  c o l d  d u e  t o  u p w e ll in g  (H icks and M i l l e r
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1980).  C e s s a t io n  o f  th e  summer wind regime r e s u l t s  i n  warming o f  bo ttom  
w a t e r s .  The t im e  o f  c e s s a t i o n  i s  n o t  t h e  same eve ry  y e a r ,  t h e r e f o r e  
bo ttom  te m p e ra tu re  p a t t e r n s  v a ry  in t e r a n n u a l ly  as  d i s c u s s e d  i n  C h a p t e r  
4 . 1 .  T h e r e f o r e ,  a n o th e r  o b je c t iv e  o f  t h i s  c h a p te r  i s  to  show t h a t  th e  
tim e  o f  c e s s a t i o n  o f  summer winds a f f e c t s  c ro a k e r  m ig ra t io n  and m a tu r i t y  
and ,  w ith  i t ,  spawning tim e and l o c a t io n .
METHODS
A l l  a d u l t  a b u n d a n c e ,  m a t u r i t y  ( 1 9 7 3 - 1 9 7 6 ) ,  and b o t to m  
te m p e ra tu re  d a ta  were c o l l e c t e d  d u r i n g  t h e  N a t i o n a l  M a r in e  F i s h e r i e s  
S e r v i c e  (NMFS) M a r in e  Resources M o n ito r in g ,  A ssessm en t,  and P r e d ic t i o n  
(MARMAP) bo ttom  t r a w l  s u r v e y s  ( 1 9 7 1 ,  1 9 7 3 -8 1 )  w i t h  t h e  e x c e p t i o n  o f  
t h o s e  f o r  1967 which were c o l l e c t e d  by th e  V i r g in i a  I n s t i t u t e  o f  M arine 
S c i e n c e  (VIMS) ( M u s i c k ,  C o l v o c o r e s s e s  a n d  F o e l l  1 9 7 9 ) .  T h e s e  
c o l l e c t i o n s  w ere  c h o s e n  b e c a u s e  b o t h  i n s h o r e  and o f f s h o r e  a r e a s  were 
surveyed  and s im u ltaneous  b o t to m  t e m p e r a t u r e s  w ere  r e c o r d e d .  MARMAP 
c r u i s e  l i s t i n g ,  s a m p l in g  m e th o d s  and  g e a r ,  s u r v e y  d e s i g n  and  d a t a  
h a n d l in g  a r e  d e s c r ib e d  by G r o s s l e i n  ( 1 9 6 9 a ,  1 9 6 9 b ) ,  C l a r k  (1 9 7 9 )  and  
F l e s c h e r  (1 9 8 0 )  . The d a t a  w ere  p rov ided  c o u r te s y  o f  N a t io n a l  Oceanic 
and A tm ospheric  A d m in is t r a t io n  (NOAA)/NMFS/Northeast F i s h e r i e s  C e n t e r  
(N E F C ) /R e s o u rc e  A ssessm en t D iv is io n .  A du lt  abundance a re  p re s e n te d  as  
number c a u g h t  p e r  s t a n d a r d  30 m in u te  to w . No a t t e m p t  was m ade t o  
c o m p e n s a t e  f o r  g e a r  a n d  e f f o r t  d i f f e r e n c e s  s i n c e  t h e  n e c e s s a r y  
in fo rm a t io n  i s  n o t  a v a i l a b l e .
Morse (1980) i n v e s t i g a t e d  m a tu r i t y ,  spawning and f e c u n d i ty  o f  
th e  A t l a n t i c  c ro a k e r  n o r th  o f  Cape H a t t e r a s ,  and p r o v i d e d  h i s  m a t u r i t y
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s t a g e  a n a l y s e s  a n d  d i s t r i b u t i o n  i n f o r m a t i o n  (W . H o r s e ,  
NOAA/NMFS/NEFC/Sandy Hook Lab p e r s . com m .).  The p e r c e n t a g e  o f  e a c h  
m a t u r i t y  s t a g e  (1 -6 )  de term ined  f o r  subsamples a t  each s t a t i o n  was used  
to  e s t im a te  th e  m a t u r i t y  s t a g e s  o f  t h e  e n t i r e  c r o a k e r  c a t c h  a t  t h a t  
s t a t i o n .  T h e s e  t o t a l  m a t u r i t y  s t a g e  e s t i m a t e s  w e r e  u s e d  f o r  
d i s t r i b u t i o n a l  a n a ly se s  from which th e  m a tu r i t y  c a l c u l a t i o n s  p r e s e n t e d  
f o r  1973 t h r o u g h  1976 w ere  p r e p a r e d .  Numbers o f  eac h  s t a g e  a t  each 
s t a t i o n  w ere  t o t a l e d  f o r  t h e  e n t i r e  c r u i s e  and u s e d  a s  a n  in d e x  o f  
c ro a k e r  m a tu r i t y  a t  th e  tim e o f  th e  c r u i s e .
In  September 1981, c ro a k e r  were c o l l e c t e d  on  t h e  NMFS MARMAP 
c r u i s e  a b o a rd  th e  R/V DELAWARE I I .  Croaker were subsampled f o r  le n g th ,  
s e x ,  m a tu r i t y  s t a g e ,  and gonad d isp lacem en t volum e. In  a c c o rd a n c e  w i th  
t h e  m e th o d s  o f  W a l la c e  (1 9 4 0 )  and Morse (1 9 8 0 ) ,  s t a g e  o f  m a tu r i t y  was 
a s s ig n e d  based  on t h e  m o r p h o l o g i c a l  c r i t e r i a  f o r  f i e l d  u s e  shown in  
T a b le  4 . 2 . 1 .  E s t i m a t e s  o f  1981 m a t u r i t y  s t a g e s  w e re  c a l c u l a t e d  as  
d e s c r ib e d  f o r  1973-1976. For a n a l y s e s ,  s ta g e s  3 and 4 were com bined  a s  
th ey  were o f t e n  d i f f i c u l t  to  d i f f e r e n t i a t e .
To eq u a te  l o c a t i o n s ,  o n ly  d a ta  s o u th  o f  39°N l a t i t u d e ,  n o r t h  
o f  35°N l a t i t u d e ,  w e s t  o f  t h e  200 m i s o b a t h  and e a s t  o f  th e  smoothed 
c o a s t l i n e  were c o n s id e re d  (F ig u re  4 . 2 . 1 ) .  However, i t  s h o u ld  be  n o te d  
t h a t  a l l  c r u i s e s  d id  n o t  sample a s  f a r  n o r th  a s  39°N n o r  as  f a r  so u th  as  
35°N. Data were con toured  f o r  v a lu e s  o f  >0, 5 0 ,  100, 500 , 1000 and 5000 
a d u l t  c r o a k e r  p e r  tow  and 1 6 ° ,  1 8 ° ,  2 0 ° ,  2 2 ° ,  and  24°C bo ttom  w a te r  
t e m p e ra tu r e s .  These te m p e ra tu re s  were chosen to  examine th e  h y p o t h e s i s  
t h a t  c r o a k e r  spawn i n  warm w a t e r  and  to  check  th e  16°C index  o f  warm 
w a te r  used  by i n  C h a p te r  4 . 1 .  The a r e a l  e x t e n t  o f  c r o a k e r  and warm 
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de te rm ined  u s in g  a  d i g i t a l  p la n im e te r  (Welch 1948). Abundance o f  a d u l t
2c r o a k e r  was o b t a i n e d  by m u l t i p l y i n g  t h e  a r e a  (nm i)  o f  each  con tour 
i n t e r v a l  by th e  v a lu e  o f  t h a t  con tour  ( S a v i l l e  and Schnack 1981).
S in c e  c o l l e c t i o n  t i m e s  v a r i e d ,  t im e  i n d i c e s  were a s s ig n ed  
acc o rd in g  to  th o s e  d e s ig n a te d  in  C hapter  4 . 1  f o r  e a c h  t h i r d  o f  m o n th ,  
b e g i n n i n g ,  m id d le  and end, as  fo l lo w s :  J u ly  -  1 , 2 ,  3; August -  4 ,  5 ,
6 ; September -  7 ,  8 ,  9; O c to b e r  -  1 0 ,  1 1 ,  12 ; November -  1 3 ,  1 4 ,  1 5 .  
T h ese  t im e  p e r i o d s  w ere  c h o s e n  b e c a u s e  a s a m p l in g  c r u i s e  a c ro s s  th e  
M id -A tla n t ic  B ight l a s t e d  about t e n  days and to  ag ree  w i th  th o s e  used  in  
C hap te r  4 . 1 .
Time p l o t s  p re s e n te d  h e re  o f  bottom  te m p e ra tu re s  a t  t h e  m outh 
o f  C h e sa p e a k e  Bay and  a t  Cape H a t t e r a s  u t i l i z e d  th e s e  same MARMAP d a ta  
s u p p le m e n te d  by  a d d i t i o n a l  b o t to m  t e m p e r a t u r e  d a t a  c o l l e c t e d  a n d  
s u p p l i e d  by  NMFS ( S .  N ickerson ,  NOAA/NMFS/NEFC p e r s .  comm.). T ra n se c t  
l o c a t i o n  and s t a t i o n  d e s i g n a t i o n s  ( F i g u r e  4 . 2 . 1 )  c o r r e s p o n d  to  t h o s e  
u s e d  by  1 9 6 5 -6 6  R/V DOLPHIN c r u i s e s  ( B e r r ie n ,  Fahay , K enda ll  and Smith 
1978).
The d a t a  p r e s e n t e d  f o r  l a r v a l  c ro ak e r  c o n c e n t r a t io n  by two-
month i n t e r v a l s  1973-1981 w ere c o l l e c t e d  by NMFS ic h th y o p la n k to n  surveys
i n  t h e  M id - A t la n t ic  Bight and p rov ided  by th e  NOAA/NMFS/NEFC/Sandy Hook
L a b o ra to ry .  The sample a r e a s ,  methods and t r e a t m e n t s  a r e  t h e  same a s
t h o s e  d e s c r i b e d  by  B e r r i e n ,  N a p lin  and Penn ing ton  (1 9 8 1 ) .  A d e t a i l e d
d e s c r i p t i o n  o f  th e  bongo sam plers  has been  p re s e n te d  by Posgay and Marak
3( 1 9 8 0 ) .  L a r v a l  d e n s i t i e s  (# /1 0 0 0  m ) were c a l c u l a t e d  by d iv id in g  th e  
number p e r  o b l iq u e  tow by w a te r  volume f i l t e r e d  and m u l t ip ly in g  by 1000, 
b e c a u s e  c r o a k e r  la rv a e  a r e  n o t  assumed to  be co n f in e d  to  a narrow  d ep th  
s t ra tu m  ( J u d k in s ,  W irick  and E sa is  1980).
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2
E ach  e x p l a i n e d  v a r i a n c e  (R ) was a d ju s t e d  f o r  sm a l l  sample 
s i z e  based  upon d e g r e e s  o f  f r e e d o m  in  e a c h  p a r t i c u l a r  r e l a t i o n s h i p *  
L in e a r  and p a r a b o l i c  r e g r e s s io n  e q u a t io n s  were d e te rm ined  u s in g  B usiness  
G rap h ics  so f tw a re  on an Apple l i e  com puter .
RESULTS
2
The a r e a s  (nmi) in s id e  t h e  0 - c o n t o u r s  i n  F i g u r e  4 . 2 . 2  w e re
t h e  f u l l  r a n g e s  o c c u p i e d  by  a d u l t  c r o a k e r  on t h e  s h e l f  i n  t h e  Mid-
A t l a n t i c  B igh t a t  t h e  t im e  o f  f a l l  c o l l e c t i o n s .  I s o p l e t h s  show t h e
c o n c e n t r a t i o n  o f  a b u n d a n c e  w i t h i n  t h a t  d i s t r i b u t i o n .  B o t t o m
te m p e ra tu re s  were p l o t t e d  f o r  t h e s e  same c o l l e c t i o n s  ( F i g u r e  4 . 2 . 3 ) .  
2 oThe a r e a  (n m i)  i n s i d e  t h e  16 C iso th e rm  i s  an  index  on warm w a te r  on
th e  s h e l f  a s  d e s c r ib e d  in  C h a p te r  4 . 1 .  The a r e a l  e x t e n t  o c c u p i e d  b y  
2c r o a k e r  (nm i)  i n s i d e  th e  0 -c o n to u r  was found to  be  d i r e c t l y  r e l a t e d  to
2 o 2th e  a r e a l  e x t e n t  o f  warm b o t to m  w a t e r s  (n m i)  i n s i d e  16 C (R = 0 . 7 8 ,
n = l l )  (F ig u re  4 . 2 . 4 ) .
The a r e a l  e x te n t  o f  warm bo ttom  w a te rs  v a r i e s  w i th  th e  t im e  o f
t h e  c e s s a t i o n  o f  t h e  summer winds as  shown in  C h ap te r  4 . 1 .  T h e r e f o r e ,
i t s  a r e a l  e x t e n t  a v a i l a b l e  to  a d u l t  c r o a k e r  s h o u ld  a l s o  b e  r e l a t e d  t o
t h i s  t i m e  o f  c e s s a t i o n .  Reduced o f f s h o r e  d i s t r i b u t i o n  o f  a d u l t  c ro a k e r
( F ig u r e  4 . 2 . 2 )  and warm b o t to m  w a t e r s  ( F i g u r e  4 . 2 . 3 )  r e s u l t e d  f ro m
p r o g r e s s i v e l y  l a t e r  wind c e s s a t i o n .  T h is  change i n  e x t e n t  was a p p a re n t
f o r  t h e  t h r e e  y e a rs  when samples w ere c o l l e c t e d  a t  th e  end o f  S ep tem ber.
I n  1981 w i t h  an  e a r l y  (m id-A ugust) c e s s a t i o n ,  c ro a k e r  e x ten d ed  seaw ard
to  o r  beyond 75°W from  38°N to  36°N and a t  Cape H a t t e r a s .  T h i s  e x t e n t
w as  s o m e w h a t  r e d u c e d  i n  1 9 7 4  w h ich  had  a n  a v e r a g e ,  b e g i n n i n g  o f
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F ig u re  4 . 2 .2
D i s t r i b u t i o n  o f  a d u l t  A t l a n t i c  c ro a k e r  (1967 , 1971, 1973-
1981) i n  th e  M id -A t la n t ic  B ight c o l l e c t e d  by NMFS /MARMAP 
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F ig u re  4 .2 .3
C o n to u r s  o f  bo ttom  te m p era tu re s  (°C) 
B ight c o n c u r re n t  w i th  th e  c o l l e c t i o n s  
F ig u re  4 . 2 . 2 .
i n  th e  M id -A tla n t ic  
o f  c ro a k e r  shown in
1974
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F ig u re  4 . 2 .4
2L i n e a r  r e l a t i o n s h i p  o f  th e  a r e a l  e x te n t  (nmi) occup ied  
by a d u l t  c ro a k e r  (x) b a s e d  on t h e  a r e a  o f  b o t to m  w a te r  
g r e a t e r  t h a n  o r  e q u a l  to  16°C ( y ) :  y = 807 + (0 .6 3 * x ) ,
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S e p te m b e r ,  c e s s a t i o n .  C r o a k e r  e x t e n t e d  seaward beyond 75°W a t  38°N,
36°N and  a t  C ape H a t t e r a s ,  b u t  n o t  a t  37°N . The 1980 l a t e  ( e n d  o f
Septem ber) c e s s a t i o n  c o n f in e d  th e  c ro a k e r  in sh o re  a t  37°N and 36°N, w i th
e x t e n t  seaward to  75°W r e s t r i c t e d  to  38°N and Cape H a t t e r a s  o n ly .
A r e l a t i o n s h i p  betw een th e  tim e o f  c o l l e c t i o n  and a r e a l  e x te n t
o f  warm w a te r  was d i s c u s s e d  i n  C h a p t e r  4 . 1 .  A s i m i l a r  r e l a t i o n s h i p
e x i s t s  h e re  betw een t im e  o f  c o l l e c t i o n  and a r e a l  e x t e n t  o f  a d u l t  c ro ak e r  
o
(R = 0 .5 5 ,  n=»ll) (A p p e n d ix  4 . 2 . 1  -  F i g u r e ) .  To a d j u s t  f o r  t h e  d u a l
e f f e c t  o f  t i m e  o f  w in d  c e s s a t i o n  and t im e  o f  d a t a  c o l l e c t i o n  on th e
ob se rv ed  a r e a l  e x t e n t  o f  c r o a k e r ,  a  w in d -c ru is e  i n t e r v a l  was c a l c u l a t e d
i n  C h a p t e r  4 .1  by s u b t r a c t i n g  th e  index  o f  c o l l e c t i o n  tim e from t h a t  o f
wind c e s s a t i o n .  B ased  on t h i s  r e l a t i o n s h i p  b e tw e e n  t h e  w i n d - c r u i s e
i n t e r v a l  and  t h e  a r e a l  d i s t r i b u t i o n  o f  a d u l t  c ro a k e r  (R = 0 .6 6 ,  n = l l )
(Appendix 4 . 2 . 2  -  F i g u r e ) ,  a  l i n e a r  r e l a t i o n s h i p  was r e v e a l e d  b e tw e e n
t h e  t i m e  o f  t h e  c e s s a t i o n  o f  t h e  summer wind and th e  a r e a l  e x t e n t  o f
a d u l t  c ro a k e r  when th e y  would b e  m i g r a t i n g  o u t  o f  t h e  C h e s a p e a k e  Bay
(F ig u re  4 . 2 . 5 ,  Appendix 4 . 2 .3  -  F i g u r e s ) .
A d d i t i o n a l  i n v e s t i g a t i o n s  su p p o r ted  th e  ev id en ce  t h a t  th e  tim e
o f  t h e  summer wind c e s s a t i o n  a f f e c t e d  a d u l t  c r o a k e r .  C roaker le n g th  a t
50% m a tu r i t y  f o r  b o th  m ales an d  f e m a le s  was g r e a t e r  i n  1974 and 1975
t h a n  i n  1973 and  1976 (M o rse  1 9 8 0 ) .  T h e re fo re ,  le n g th s  o f  c ro a k e r  a t
50% and 100% m a t u r i t y  g iv e n  by  Morse (1980) were r e g r e s s e d  on t h e  t im e
o f  summer w in d  c e s s a t i o n .  E a r l i e r  c e s s a t i o n  o f  summer w ind causes
e a r l i e r  w arm ing  o f  b o t t o m  w a t e r s  a s  shown i n  C h a p t e r  4 . 1 .  G onad
m a t u r a t i o n  ap p ea red  to  b e  s t im u la t e d  by th e s e  warm bo ttom  w a te r s .  This
i s  i n d i c a t e d  by  l i n e a r  r e l a t i o n s h i p s  between time o f  wind c e s s a t i o n  and
2
l e n g t h  o f  c r o a k e r  a t  50% m a t u r i t y  (R ** 0 .7 5 ,  n=8) and 100% m a tu r i t y  
(R^*» 0 .7 6 ,  ns 10) (F ig u re  4 . 2 . 6 ) .
F ig u re  4 .2 .5
2
The p r e d i c t e d  a r e a l  e x t e n t  (n m i)  a v a i l a b l e  t o  a d u l t  
c r o a k e r  t h a t  w ou ld  b e  on th e  s h e l f  a t  d e s ig n a te d  t im es :  
3 V III  -  end o f  A ugust ,  1 IX -  b e g in n in g  o f  S e p te m b e r ,  2 
IX -  m idd le  o f  Septem ber, 3 IX — end o f  Septem ber. Based 
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DISCUSSION
M a tu ra t io n
C roaker spawn in  th e  £ a l l  a t  a  tim e o f  d e c re a s in g  p h o to p e r io d  
and  s u r f a c e  t e m p e r a t u r e s  ( K i l l e b r e w  1 9 7 3 ) ,  tw o  f a c t o r s  know n  t o  
i n f l u e n c e  r e p r o d u c t i v e  c y c le s  (Aronson 1965, B r e t t  1970). Spawning i s  
b e t t e r  in  warm w a te r  th an  i n  co ld  w a te r  (K i l le b re w  1973) and t a k e s  p la c e  
i n  a l a b o ra to r y  a t  te m p e ra tu re s  g r e a t e r  th a n  19.0°C (Middaugh and Yoakum 
1974) w i th  2 2 ° -  24°C b e ing  optim um  ( W. H e t t l e r ,  NOAA/NMFS/Southeast 
F i s h e r i e s  C e n t e r  (S E F C ) /B e a u fo r t  Lab p e r s .  comm.). Gonad m a tu r a t io n ,  
w h ich  i s  v a r i a b l e  i n  c r o a k e r  (M id d au g h  a n d  Y oakum  1 9 7 4 )  , may b e  
te m p e ra tu re  c o n t r o l l e d  (L aeves tu  and Hela 1970, K ruse and T y le r  1983).
The summer w ind  re g im e  i n  t h e  M i d - A t l a n t i c  B ig h t  c a u s e s  
u p w e l l i n g  o f  c o l d  b o tto m  w a te rs  as co ld  p o o l w a te rs  a r e  drawn o n s h o re .  
Gonad m a tu ra t io n  in  A t l a n t i c  c ro ak e r  may be i n h i b i t e d  by p ro lo n g e d  f a l l  
u p w e l l i n g  a s  i n  t h e  E n g l ish  s o le  (Parophrvs  v e t u l u s ) (Hayman and T y le r  
1980, Kruse and T y le r  1983). T h e re fo re  t h e  t im e  o f  c e s s a t i o n  o f  t h i s  
s o u t h e r l y  w in d  co m p o n en t s h o u ld  a f f e c t  t h e  r a t e  o f  c r o a k e r  gonad  
m a tu ra t io n  a s  th e  l i n e a r  r e l a t i o n s h i p  fo u n d  i n  t h i s  s t u d y  i n d i c a t e s  
( F i g u r e  4 . 2 . 6 ) .  C ro ak e r  a r e  s h o r t e r ,  and th u s  younger ,  a t  s i z e  o f  50% 
and 100% m a tu r i t y  i n  y ea rs  o f  e a r l y  summer wind c e s s a t i o n  ( e . g .  1976) a s  
compared to  l a t e  wind c e s s a t i o n  ( e . g .  1975).  A ccording  to  t h i s ,  time o f  
o n s e t  o f  sp a w n in g  i s  n o t  t h e  same y e a r  t o  y e a r  a s  e v i d e n c e d  by t h e  
v a r i a t i o n s  i n  r e p o r te d  spawning tim es (Welsh and B reder 1923, H ild e b ra n d  
and S c h r o e d e r  1 9 2 8 ,  W a l la c e  1940 ,  W hite  and  C h i t t e n d e n  1 9 7 6 ,  M orse  
1980).
F ig u re  4 .2 .6
M ale and  fem ale  c ro a k e r  le n g th s  a t  m a tu r i t y  r e g re s s e d  on 
tim e o f  wind c e s s a t i o n :  
a t  100% m a t u r i t y — y = 229 + ( 6 .2 * x ) ,  0 .7 6 ,  n = 1 0 ) ;
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S in c e  o n s e t  o f  m a t u r i t y  c h a n g e s  y e a r l y  w i th  t im e  o f  summer 
wind c e s s a t i o n  and warm bo ttom  te m p e ra tu r e s ,  t h i s  c o u ld  a l s o  e x p la in  th e  
s i z e  o f  c ro a k e r  a t  m a tu r i t y  b e in g  r e p o r te d  as  190 mm to  275 mm (W allace  
1940, White and C h i t te n d e n  1976, Fowles and S te n d e r  1 9 7 8 ,  M orse 1 9 8 0 ) .  
The l a r g e s t  a v e r a g e  le n g th  a t  50% m a tu r i t y  in  t h i s  s tu d y  was 233 mm in  
1975 (Morse 1980) w h i l e  f o r  1 9 3 8 -1 9 4 0  i t  was 275 mm ( W a l la c e  1 9 4 0 ) .  
T h i s  1 9 3 8 -4 0  v a l u e  i s  s i g n i f i c a n t l y  l a r g e r  t h a n  t h o s e  u s e d  h e re  to  
c o r r e l a t e  w i th  t im e o f  wind c e s s a t i o n  (F ig u re  4 . 2 . 6 ) .  A lthough  no w ind  
d a t a  a r e  a v a i l a b l e  f o r  t h a t  t i m e  w i t h  w h i c h  t o  h i n d c a s t  t h e  
r e l a t i o n s h i p ,  t h i s  s i z e  a t  f i r s t  m a tu r i t y  i s  u n l i k e l y .  Ripe f e m a le s  i n  
th e  1938-40 sam ples were a l l  t h r e e  y e a rs  o l d ,  w i th  no two y ea r  o ld  be ing  
r i p e  (W allace  1 9 4 0 ) .  Those J u l y - A u g u s t  c o l l e c t i o n s  may h a v e  sam p led  
o n ly  o l d e r  f i s h  and n o t  young, f i r s t - t i m e  spaw ners ,  s in c e  i n  p r o t r a c t e d  
s p a w n e r s ,  o l d e r  f i s h  a r e  among t h e  f i r s t  t o  spawn (C u s h in g  1 9 8 1 ) .  
T h e r e f o r e ,  t h e r e  may n o t  have been  a  s i g n i c a n t  lo n g - te rm  change in  th e  
le n g th  a t  50% m a tu r i t y  be tw een  t h e  1930 ' b and  1 9 7 0 ' s  a s  s u g g e s t e d  b y  
Morse (1 9 8 0 ) .
1 u s e d  16°C h e r e  a s  a n  in d e x  o f  warm b o t t o m  t e m p e r a t u r e s  
th o u g h  r e c e n t  l a b o r a t o r y  o b s e r v a t i o n s  i n d i c a t e  2 2 ° -  24°C t o  be th e  
optimum sp aw n in g  t e m p e r a t u r e  f o r  A t l a n t i c  c r o a k e r .  C h o ic e  o f  t h i s  
t e m p e r a t u r e  was based  on th e  r e l a t i o n s h i p  found betw een d i s t r i b u t i o n  o f  
th e  16°C iso th e rm  and tim e o f  c e s s a t i o n  o f  t h e  summer w ind r e g im e  a s  
d i s c u s s e d  i n  C h a p t e r  4 . 1 .  An e x c e l l e n t  l i n e a r  r e l a t i o n s h i p  was found 
betw een th e  a r e a l  e x t e n t  (nm i)^  o f  w a te r  g r e a t e r  t h a n  o r  e q u a l  t o  16°C 
and  t h a t  o f  a d u l t  c r o a k e r  ( F i g u r e  4 . 2 . 4 ) .  The e x t e n t  o f  22° and 24°C 
bo ttom  w a te rs  on th e  s h e l f  i s  v e ry  l im i t e d  (F ig u r e  4 . 2 . 3 )  and  d o e s  n o t  
s u g g e s t  t h e s e  v e r y  warm t e m p e r a t u r e s  t o  be  c o n t r o l l i n g  i n i t i a t i o n  o f
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spawning n o r th  o f  Cape H a t t e r a s .  T h i s  may i n d i c a t e  1) c r o a k e r  r e a c t  
d i f f e r e n t l y  t o  c o n d i t i o n s  f o r  spawning in  th e  f i e l d  and l a b o r a to r y ,  2) 
t h e r e  a r e  two c ro a k e r  s to c k s  n o r th  and s o u th  o f  Cape H a t t e r a s  w h ich  a r e  
k e p t  s e p a r a t e  b y  k e y in g  on d i f f e r e n t  te m p e ra tu re s  to  i n i t i a t e  spawning 
a c t i v i t y ,  o r  3) th e  te m p e ra tu r e  s a m p l in g  em ployed  a  s p a t i a l - t e m p o r a l  
f r e q u e n c y  w h ic h  was to o  l a r g e .  A lthough the  c o r r e l a t i o n  w i th  a w a te r  
te m p e ra tu re  which i s  lo w er  t h a n  i n d i c a t e d  i n  t h e  l a b o r a t o r y  may n o t  
r e p r e s e n t  a  p h y s i o l o g i c a l  c a u s e - a n d - e f f e c t , i t  can  b e  u s e d  as  an  
oceanograph ic  i n d i c a t o r  (S m ith ,  Gber and Z w eife l 1981) o f  a  r e l a t i o n s h i p  
between abundance o f  spawning a d u l t  c ro a k e r  and warm bottom  w a te r .
M ig ra t io n
S e x u a l l y  m a tu r e  i n d i v i d u a l s  l e a v e  t h e  e s t u a r y  a s  e a r ly  as  
J u l y ,  b u t  m a in ly  d u r i n g  A u g u s t  o r  S e p te m b e r  ( W a l la c e  1940) cued  b y  
d e c re a s in g  p h o to p e r io d  and te m p e ra tu re  (Warlen 1980).  However, th e  a r e a  
o f  warm w a t e r  e n c o u n t e r e d  upon o u t - B a y  m i g r a t i o n  o n t o  t h e  s h e l f  
d e t e r m i n e s  spawning d i s t r i b u t i o n .  O ffsh o re  d i s p e r s a l  o f  c ro a k e r  a t  th e  
t im e  o f  f a l l  spawning (F ig u re  4 . 2 .2 )  i s  l i m i t e d  by o f f s h o r e  e x t e n t  o f  
warm b o t to m  w a te rs  (F ig u re  4 . 2 . 3 ) .  Note t h a t  th e  a d u l t  c ro a k e r  in  1978 
ap p ea r  to  be b i s e c t e d  by co ld  bottom  w a te rs  enc roach ing  n e a r s h o r e .  The 
m e r i d o n a l  w ind  com ponent u s e d  i n  C h a p t e r  4 .1  d o e s  n o t  e x p l a i n  t h i s  
e v e n t .  I t  may have been  caused  by l o c a l  wind c o n d i t io n s  a t  t h e  t im e  o f  
c o l l e c t i o n  o r  i t  may b e  an  a r t i f a c t  o f  t h e  d a t a  c o l l e c t i o n s .  The 
c ro a k e r  on th e  s h e l f  in  m id -Ju ly  1971, p r i o r  t o  t h e  w ind c e s s a t i o n  i n  
m id-A ugust, were r e s t r i c t e d  v e ry  c lo s e  in s h o re  by th e  w a te r  t e m p e ra tu re .  
The m id -S e p te m b e r  w ind  c e s s a t i o n  i n  1 9 7 9 ,  w h ic h  c o i n c i d e d  w i th  t h e
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c o l l e c t i o n  o f  c r o a k e r ,  r e s u l t e d  in  th e  f i s h  b e in g  co n f in ed  in s id e  th e  
16°C iso th e rm .
T h e re  a r e  a l s o  l a t i t u d e n a l  d i f f e r e n c e s  in  th e  e x t e n t  o f  warm 
bottom  w a t e r s  a s  e v i d e n c e d  by t im e  p l o t s  o f  b o t to m  t e m p e r a t u r e s  a t  
C h e s a p e a k e  Bay m o u th  and C ape H a t t e r a s  ( F i g u r e  4 . 2 . 1 )  w h ich  show 
se a so n a l  and in t e r a n n u a l  v a r i a t i o n s  (F ig u re  4 . 2 . 7 ) .  While th e  i s o t h e r m  
p a t t e r n  e a c h  y e a r  i s  dependen t upon c h a r a c t e r i s t i c s  and i n t e r a c t i o n s  o f  
th e  co ld  p o o l ,  winds and a i r  t e m p e r a t u r e s ,  t h e  s e a s o n a l  d i f f e r e n c e  in  
a v a i l a b i l i t y  o f  warm w a te rs  o f f  Chesapeake Bay compared to  Cape H a t t e r a s  
i s  a p p a re n t  i n  F ig u re  4 . 2 . 7 .  Warm w a te rs  (unshaded)  a r e  r e s t r i c t e d  to  
t h e  l a t e  summer and f a l l  a t  t h e  n o r t h e r n  t r a n s e c t .  However, a t  th e  
so u th e rn  t r a n s e c t ,  th e s e  warm w a te rs  a r e  p r e s e n t  a l l  y e a r  e x c e p t  f o r  a 
s h o r t  p e r i o d  i n  l a t e  w i n t e r  an d  e a r l y  s p r i n g .  T h i s  s o u t h e r l y  
p e r s i s t e n c e  o f  warm w a t e r s  i s  a  r e s u l t  o f  a  c o n v e r g e n c e  zone  w h ich  
c a u s e s  a d r a m a t i c  i n c r e a s e  i n  b o t to m  w a te r  t e m p e r a t u r e  n e a r  Cape 
H a t t e r a s  (Bumpus 1973).  Packed i s o th e rm s  w h ich  c a n  b e  s e e n  n e a r  Cape 
H a t t e r a s  i n  1 9 6 7 ,  1 9 7 3 ,  1 9 7 5 ,  1 9 7 8  a n d  1979 ( F i g u r e  4 . 2 . 3 )  a r e  
i n d i c a t i v e  o f  t h i s  zone.
C ro a k e r  m ig r a t io n  southward in  th e  M id -A t la n t ic  B igh t (Haven 
1959) i s  d i r e c t l y  a f f e c t e d  b y  w a t e r  t e m p e r a t u r e  ( B e a r d e n  1 9 6 4 ) .  
D i s t r i b u t i o n  p a t t e r n s  o f  c ro a k e r  and bo ttom  te m p e ra tu re s  a r e  r e l a t e d  as 
shown by t h e  l i n e a r  r e g r e s s i o n  i n  F i g u r e  4 . 2 . 4 .  Time o f  m i g r a t i o n  
t o g e t h e r  w i t h  t i m e  o f  w a rm in g  o f  b o t to m  w a t e r s ,  a s  i n d i c a t e d  by 
c e s s a t i o n  o f  summer w in d s ,  in f lu e n c e  th e  r e s u l t i n g  d i s t r i b u t i o n  p a t t e r n  
o f  a d u l t  c ro a k e r  on th e  s h e l f .  D i s t r i b u t i o n  c h a r t s  f o r  1974, 1977, 1978 
and 1980 (F ig u r e  4 .2 .2 )  show a g g re g a t io n s  o f  c ro a k e r  m ig ra t in g  southward 
from th e  Delaw are and Chesapeake Bays r e s p e c t i v e l y .  T h is  d u a l  o r i g i n  o f
F ig u re  4 .2 .7
Time p l o t s  o f  b o t to m  t e m p e r a t u r e s  a t  t r a n s e c t s  o f f  th e  
m ou th  o f  t h e  C h e sa p e a k e  Bay and  a  t r a n s e c t  o f f  C ap e  
H a t t e r a s .  S t a t i o n  1 i s  i n s h o r e ,  S t a t i o n  5 i s  on th e  
m idd le  o f  th e  s h e l f  o f f  t h e  C h e sa p e a k e  Bay and a t  t h e  
ed g e  o f  t h e  s h e l f  o f f  H a t t e r a s .  See F i g u r e  4 . 2 . 1  fo r  
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sp aw n in g  ( s t a g e s  3 - 6 )  c r o a k e r  on th e  s h e l f  i n  r e l a t i o n  to  th e  tim e o f  
t h e  summer w ind  c e s s a t i o n  i s  s e e n  in  F i g u r e  4 . 2 . 8 .  The n o r t h e r l y  
a g g r e g a t i o n  i s  i n t e r p r e t e d  a s  be ing  from D elaware Bay and th e  s o u th e r ly  
one as  from Chesapeake Bay. T h i s  dual,  p a t t e r n  i s  n o t  a s  d i s t i n c t  i n  
n o n - s p a w n i n g  ( s t a g e s  1 - 2 )  c r o a k e r  ( F i g u r e  4 . 2 . 8 )  w h ic h  h a v e  no 
r e p r o d u c t iv e  re q u ire m e n t  f o r  warm w a te r .
T h e re  i s  a n  a p p a r e n t  l i n e a r  r e l a t i o n s h p  between l a t i t u d e  o f  
c o n c e n t r a t i o n  o f  m a tu r e  c r o a k e r  and  t im e  o f  summer w ind  c e s s a t i o n  
a l t h o u g h  t h e  n u m b e r  o f  o b s e r v a t i o n s  i s  to o  s m a l l  f o r  s t a t i s t i c a l  
q u a n t i f i c a t i o n  (F ig u re  4 . 2 . 8 ,  Appendix 4 . 2 . 4  -  F i g u r e ) .  C ro a k e r  a p p e a r  
t o  be  c o n c e n t r a t e d  n o rthw ard  upon e a r l y  wind c e s s a t i o n  and southward as 
wind c e s s a t i o n  o c c u rs  l a t e r .  W ith e a r l y  c e s s a t i o n ,  b o t to m  w a t e r s  a r e  
warm when c r o a k e r  m i g r a t e  o n to  t h e  s h e l f .  N o r th e rn  bo ttom  w a te rs  may 
n o t  y e t  be warm enough f o r  c ro a k e r  spawning when th e  c e s s a t i o n  i s  l a t e ,  
t h u s  p ro m p t in g  a sou thw ard  m ig r a t i o n .  An e a r l y  c e s s a t i o n  ( 2 ,  m id -Ju ly )  
in  1976 produced a c o n c e n t r a t i o n  o f  spawning c ro a k e r  n e a r  th e  Chesapeake 
Bay m o u t h ,  w h i l e  a  l a t e  c e s s a t i o n  ( 9 ,  end  o f  S e p te m b e r )  i n  1975 
c o n c e n t r a te d  th e  spawning c ro a k e r  so u th  o f  Oregon I n l e t ,  N o r th  C a r o l i n a  
( F i g u r e  4 . 2 . 8 ) .  The c o n c e n t r a t i o n  o f  a d u l t  c ro a k e r  so u th  o f  Chesapeake 
Bay o f f  Oregon I n l e t  i n  1980 i n d i c a t e s  t h a t  s o u th w a rd  m i g r a t i o n  had  
b e g u n  p r i o r  t o  t h e  l a t e  w in d  c e s s a t i o n  and s im u ltan eo u s  bottom  t r a w l  
su rv ey  c o l l e c t i o n  i n  l a t e  September t h a t  y e a r .
C roaker m ig r a t in g  southw ard  i n  th e  M id -A tla n t ic  B igh t p r i o r  to  
w in d - in d u c e d  w a r m in g  o f  n o r t h e r n  b o t t o m  w a t e r s  w i l l  e n c o u n t e r  
t e m p e r a t u r e s  s u i t a b l e  f o r  s p a w n in g  a t  t h e  Cape H a t t e r a s  convergence 
zone . This  t e m p e r a t u r e - s a l i n l i t y  b a r r i e r  s e p a r a t e s  t h e  7 i r g i n i a n  and 
C a r o l i n i a n  f a u n a l  p r o v i n c e s ,  th o u g h  i t  i s  f r e q u e n t l y  b r e a c h e d  b y
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F ig u re  4 . 2 .8
L a t i t u d i n a l  d i s t r i b u t i o n  o f  c r o a k e r  c o n c e n t r a t i o n s  in  
r e l a t i o n  to  t im e  o f  summer wind c e s s a t i o n  (2  3 m i d - J u l y ,  
5 = m i d - A u g u s t ,  7 °  b e g i n n i n g  o f  Septem ber, 9 = end o f  
S ep tem ber) .  C o n c e n t ra t io n s  (# /tow ) a r e  average  abundance 
a t  e a c h  l a t i t u d e  f ro m  c o n t o u r s  such as  th o se  i n  F ig u re  
4 . 2 . 2 ,  M ature (o n  l e f t )  c r o a k e r  -  s t a g e s  3 th r o u g h  6 























































































n o r th e r n  s p e c ie s  moving in to  R a le ig h  Bay (Bumpus 1973 )  and p o s s i b l y  by 
s o u t h e r n  s p e c i e s ,  s u c h  a s  c r o a k e r ,  moving n o rthw ard  in  th e  sp r in g  and 
r e tu r n i n g  in  th e  f a l l .  I t  appea rs  t h a t  th e  l a t e r  t h e  c e s s a t i o n  o f  t h e  
s o u t h e r l y  wind component, th e  f a r t h e r  sou th  c ro a k e r  m ig ra te  to  spawn in  
warm bo ttom  w a te r s .
The a r e a  o f  warm w a t e r  a v a i l a b l e  t o  sp aw n in g  c r o a k e r  i s  
s e v e re ly  l i m i t e d  to  e s s e n t i a l l y  n e a r s h o r e  when t h e  wind c e s s a t i o n  i s  
l a t e ,  i n d u c i n g  a  m i g r a t i o n  s o u th w a r d .  C r o a k e r ,  a s  a s p e c i e s ,  a r e  
p r o t r a c t e d  spawners 38 i s  common i n  s u b - t r o p i c a l  w a te r s  (C ush ing  1 9 8 1 ) .  
T h e re  i s  a l s o  e v i d e n c e  t h a t  i n d i v i d u a l s  may b e  p r o t r a c t e d  or s e r i a l  
spawners o r  t h a t  unspawned eggs p a s t  o p t im a l  spaw ning d i a m e t e r  a t r o p h y  
w h i l e  s t i l l  i n  t h e  o v a r y  (M iddaugh  and Yoakum 1974)  as su g g es ted  by 
o b s e rv a t io n s  o f  s t a g e  5 g o n ad s  ( T a b l e  4 . 2 . 1 )  i n  1 9 8 1 .  S paw ning  may 
b e g i n  i n  t h e s e  r e s t r i c t e d  i n s h o r e  w a t e r s  a s  m i g r a t i o n  c o n t i n u e s  
sou thw ard , t h u s ,  some l a r v a e  would be a v a i l a b l e  f o r  r e c ru i tm e n t  i n t o  th e  
C h e s a p e a k e  B ay . However th e  g e n e r a l  p a t t e r n  o f  s u r f a c e  c i r c u l a t i o n  in  
th e  MAB i s  s o u t h - s o u t h e a s t e r l y ,  c u lm in a t in g  i n  a s e a w a rd  e x i t  b e tw e e n  
C h e s a p e a k e  Bay and  Cape H a t t e r a s  (Bumpus 1973).  C on seq u en tly ,  a  m ajor 
spawn s o u th  o f  th e  Bay mouth would be more b e n e f i c i a l  f o r  r e c ru i tm e n t  to  
P a m l ic o  S o u n d , N o r th  C a ro l in a  th ro u g h  Oregon I n l e t ,  than  to  Chesapeake 
Bay. Not o n ly  i s  th e  p o t e n t i a l  r e c r u i t m e n t  t o  C h e s a p e a k e  Bay lo w e re d  
when t h e  b o t to m  w a t e r s  warm l a t e  and c ro a k e r  spawn sou thw ard , b u t  th e  
t o t a l  p o t e n t i a l  T i r g in ia - N o r th  C a ro l in a  r e c r u i tm e n t  i s  r e d u c e d  b e c a u s e  
o f  p r o x i m i t y  t o  t h e  G ulf  Stream and p o t e n t i a l  o f f s h o r e  lo s s  o f  l a r v a e .  
D ata  from th e  R/V DOLPHIN (B e r r ie n  e t  a l .  1978) i n d i c a t e  t h a t  c r o a k e r  
l a r v a e  c a n  becom e e n t r a i n e d  i n  t h e  G u lf  S t r e a m .  The r e s u l t  o f  t h i s  
p h y s ic a l  s i t u a t i o n  i s  th e  r e v e r s e  o f  t h a t  fo u n d  f o r  E n g l i s h  s o l e  o f f
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O regon  i n  w h ic h  d e l a y e d  s p a w n in g  due  t o  p ro longed  u p w e ll in g  produced 
s t r o n g e r  c o h o r ts  (Hayman and T y le r  1980, Kruse and T y le r  1983).
Spawning Time
M id -A t la n t ic  B igh t s p e c ie s  t h a t  spawn p r im a r i ly  i n  l a t e  summer 
and  f a l l  commence spaw ning in  th e  n o r th e r n  p a r t  o f  th e  B ig h t ,  and move 
so u th  w i th  th e  season  (K e n d a l l  1975). C roaker spawning moves s o u th w a rd  
i n  t h e  MAB i n  r e s p o n s e  t o  b o t to m  w a te r  te m p e ra tu re s  u n t i l  warm bo ttom  
w a te rs  a re  en co u n te red  a t  Cape H a t t e r a s  ( F i g u r e  4 . 2 . 7 )  m ak in g  f u r t h e r  
s o u th w a rd  m ig r a t io n  u n n e c e s s a ry .  The a lm ost c o n t in u a l  p re s e n c e  o f  warm 
bottom  w a te r s  from Cape H a t t e r a s  sou thw ard  m akes s h e l f  t e m p e r a t u r e  an  
u n l i k e l y  i n i t i a t o r  o f  c ro a k e r  spawning s o u th  o f  H a t t e r a s .  Spawning can 
c o n t in u e  s o u th  o f  H a t t e r a s  i n t o  F e b r u a r y  (W a r le n  1 9 8 0 ) ,  b u t  p r o b a b l y  
c e a s e s  n o r t h  o f  Cape H a t t e r a s  by November (W allace  1940).  T em pera tu re ,  
which can in f lu e n c e  th e  o n s e t  o f  spaw ning, can a l s o  a f f e c t  d u r a t i o n  o f  
t h e  sp aw n in g  seaso n  (H un te r  1976).  C e s s a t io n  o f  spawning appea rs  to  be 
l in k e d  t o  t im e  o f  o n s e t  o f  c o l d  ( s h a d e d )  b o t to m  w a t e r  t e m p e r a t u r e s  
( F i g u r e  4 . 2 . 7 ) .  T h is  may be caused by a  t e m p e r a tu r e - r e g u la t in g  f a c t o r ,  
i . e . ,  a  minimum t e m p e r a t u r e  b e lo w  w h ic h  s p a w n in g  c a n n o t  t a k e  p l a c e  
( B r e t t  1970 ) .  C roaker gonad m a tu ra t io n  b eg in s  in  th e  warm w a te rs  o f  th e  
Chesapeake Bay (W allace  1940, Benner 1980) as  I  o b s e r v e d  when s a m p l in g  
w i t h i n - t h e - B a y  co m m erc ia l  c a t c h e s .  Trends o f  i n i t i a t i o n  and c e s s a t i o n  
o f  spawning i n  r e l a t i o n  to  bo ttom  w ater  t e m p e ra tu r e s  show t h a t  ev en  i f  
g onad  m a t u r a t i o n  i s  co m p le te ,  E n g l ish  s o le  canno t spawn below  abou t 8°C 
( K r u s e  an d  T y l e r  1 9 8 3 ) .  T h e r e f o r e ,  i t  i s  l i k e l y  t h a t  t h e  16°C 
t e m p e r a t u r e  c h o s e n  h e r e  co u ld  be i n t e r p r e t e d  as  a  minimum te m p e ra tu r e -  
r e g u l a t i n g  f a c t o r  and t h a t  c ro a k e r  canno t spawn below  t h i s  te m p e ra tu re .
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The p e r i o d  o f  p e a k  l a r v a l  c o n c e n t r a t i o n  f o r  c ro a k e r  in  th e  
M i d - A t l a n t i c  B ig h t  i s  S e p te m b e r - O c to b e r  a s  shown b y  T a b l e  4 . 2 . 2 .  
O c c a s s i o n a l l y  l a r v a e  a r e  fo u n d  e a r l i e r  o r  l a t e r ,  b u t  no l a r v a e  were 
ta k e n  from J a n u a ry  th ro u g h  A p r i l  1973-81. A lthough  s m a l l  c r o a k e r  h a v e  
b e e n  r e p o r t e d  i n  C h e s a p e a k e  Bay in  th e  s p r in g  (Chao and Musick 1977), 
a b u n d a n c e  o f  l a r v a l  c r o a k e r  c o l l e c t e d  May th r o u g h  A u g u s t  d o e s  n o t  
s u g g e s t  a n y  s p r i n g  sp aw n in g  o f  A t l a n t i c  c r o a k e r  i n  th e  M id -A t la n t ic  
B ig h t .  These o c c u r re n c e s  may th e n  be e x p la in e d  as  m i s i d e n t i f i e d  l a r v a e ,  
e a r l y  sp a w n in g  c l o s e  t o  s h o r e  o f  a few  i n d i v i d u a l s ,  e x t r e m e l y  slow 
w in te r  grow th (Chao an d  M usick  1977) o r  sp aw n in g  s o u t h  o f  H a t t e r a s ,  
p o s s i b ly  by a  s e p a r a t e  s to c k ,  w i th  t r a n s p o r t  in to  th e  M id -A t la n t ic  B ight 
a r e a  (K e n d a l l  1975, Cox and tfiebe  1979, Olney and M arkle 1979). C roaker 
spawning o c c u r r in g  in  May, June o r  J u ly  i s  l i k e l y  t o  be an i n s i g n i f i c a n t  
c o n t r i b u t i o n  t o  t h e  s to c k  n o r th  o f  H a t t e r a s .  I n  1962, no c ro a k e r  la rv a e  
w ere  c o l l e c t e d  on t h e  s h e l f  d u r in g  a  28 June -  11 J u ly  sam pling p e r io d  
(Massman, Joseph  and N orcross  1963 ) .  T h is  concu rs  w i t h  t h e  c o n c l u s i o n  
reach ed  h e r e  b ased  on bo ttom  te m p e ra tu re s  and t h a t  o f  Morse (1980) based  
on m a t u r i t y ;  t h i s  s a m p l in g  t i m e  w as p r i o r  t o  c r o a k e r  s p a w n i n g .  
A d d i t i o n a l l y ,  few  w ere  c o l l e c t e d  d u r i n g  s i m i l a r  p la n k to n  sam pling  26 
Septem ber -  10 O c t o b e r ,  1962 (M assm an, J o s e p h  an d  H o r c r o s s  1 9 6 3 ) .
S in c e  t h e  summer w in d s  c e a s e d  a t  t h e  end o f  J u ly  t h a t  y e a r ,  t h e  peak 
spawn o f  c ro a k e r  had p a s s e d .  A s p r in g  spawning p eak  d o e s  n o t  o c c u r  i n  
th e  A t l a n t i c  c ro a k e r  p o p u la t io n  n o r th  o f  Cape H a t t e r a s  because  spawning 
tim e i n  t h i s  a r e a  i s  l in k e d  to  warm b o t to m  t e m p e r a t u r e s  w h ich  do n o t  
o ccu r  u n t i l  f a l l .
T h is  does n o t  p rove  o r  d i s p r o v e  t h e  h y p o t h e s i s  o f  s e p a r a t e  
c r o a k e r  s t o c k s  n o r t h  and s o u t h  o f  Cape H atte raB  (W hite and C h i t te n d e n
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TABLE 4 . 2 .2
T o ta l  Number o f  L arv a l  C roaker p e r  1000 m^ Taken in  th e  M id -A tla n t ic  
Bight NMFS/MARMAP Samples, Cape H a t t e r a s  to  Long I s l a n d ,  1973-1981.
Year Jan-Feb Mar-Apr May--Jun Ju l-A ug Sep--Oct Nov-Dec
1973 — — — - 2250 (115) —
1974 *0 X - *0 X *26 X 25739 (157) *0 X
1975 *0 X 0 X *0 X *0 X 2197 (173) -
1976 *0 X *0 *0 X - 10530 (159) *25 (43)
1977 *0 X 0 X 9 X 192 (21) 4209 (64) *9 X
1978 0 X 0 X 381 X 197 (72) *7 (43) -
1979 0 X 0 X 695 (73) 48 (69) 10723 (66) *6 (10)
1980 0 X 0 X 22 X 0 (70) 7840 (70) 1524 (70)
1981 *0 (47) 0 (62) — *0 (62) 489 (62) —
*: Sampled n o r th  o f  Chesapeake Bay mouth o n ly .
- :  No samples ta k e n .
( ) :  Maximum number o f  h a u ls  g iven  as an e s t im a te  o f  CPUE.
X: No v a lue  i n d i c a t e s  in fo rm a t io n  u n a v a i la b le  to  me.
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1977, Morse 1980) a s  Cape H a t t e r a s  bas  n o t  been  shown to  be an  e f f e c t i v e  
b a r r i e r  t o  c r o a k e r .  F i e l d  c o l l e c t i o n s  i n  1981 r e v e a l e d  many age 1* 
c ro a k e r  w i th  d eve lop ing  gonads ( s t a g e  2 ) .  I t  i s  unknown w h e th e r  t h e s e  
f i s h  may r e a d s o r b  t h e i r  sp aw n in g  p r o d u c t s  o r  c o n t r i b u t e  t o  th e  l a t e r  
spawn so u th  o f  Cape H a t t e r a s .  A d d i t i o n a l l y ,  s in c e  a d u l t s  m i g r a t i n g  o u t  
o f  N o r th  C a r o l in a  e s t u a r i e s  b e g in  t o  spawn i n  th e  f a l l ,  th e  q u e s t io n  i s  
r a i s e d  w hether  th e  l a t e  spawn i s  a l l  young f i s h ,  o r  caused  by s e p a r a t io n  
o f  sp aw n in g  s t o c k s  i n  t im e  as  opposed to  th e  p roposed  p h y s ic a l  b a r r i e r  
o f  Cape H a t t e r a s .  Answers to  th e s e  q u e s t i o n s ,  a s  w e l l  as  d i r e c t  e f f e c t  
o f  w a t e r  t e m p e r a t u r e  o n  t h e  c r o a k e r  r e p r o d u c t i v e  c y c l e ,  r e q u i r e  
c o n t r o l l e d  l a b o ra to r y  e x p e r im e n ts .
CONCLUSIONS
A t l a n t i c  c r o a k e r  ( M ic ro p o g o n ia s  u n d u l a t u s )  spaw n i n  t h e  
M i d - A t l a n t i c  B ig h t  f ro m  Cape May, N . J .  t o  Cape H a t t e r a s ,  N .C .,  w ith  
g r e a t e s t  c o n c e n t r a t i o n s  i n  th e  m idd le  and so u th e rn  p a r t s  o f  t h i s  r a n g e .  
The t im e  o f  c e s s a t i o n  o f  t h e  summer w ind  r e g im e  i n  th e  M id -A t la n t ic  
B igh t i n f lu e n c e s  sp aw n in g  m i g r a t i o n  and  l o c a t i o n  an d  t im e  o f  spaw n . 
Sub Model I  -  P a r t  1 ( F i g u r e  4 . 2 .9 )  d e p i c t s  th e  i n t e r a c t i o n s  o f  w ind , 
w a te r  and c ro a k e r  i n  a  f low  c h a r t .  D i s t r i b u t i o n  o f  a d u l t  c ro a k e r  on th e  
s h e l f  i n  t h e  f a l l  i s  d i r e c t l y  r e l a t e d  t o  d i s t r i b u t i o n  o f  warm bo ttom  
w a t e r s  g r e a t e r  t h a n  o r  e q u a l  t o  1 6 ° C .  A n a l y s e s  o f  g o n a d  s t a g e  
development r e v e a l  t h a t  c ro a k e r  b e g in  to  spawn e a r l i e r  i n  y e a r s  when th e  
wind c e s s a t i o n  i s  e a r l y  t h a n  i n  y e a r s  when i t  i s  l a t e r  i n  t h e  f a l l .  
When t h e  wind c e s s a t i o n  o cc u rs  e a r l i e r ,  th e  bo ttom  w a te r s  warm e a r l i e r ,  
and  c r o a k e r  c a n  spawn f a r t h e r  n o r t h .  A d d i t i o n a l l y ,  b e c a u s e  w a t e r
F ig u re  4 .2 .9
Sub Model 1 -  F a r t  1: A f lo w  c h a r t  o f  t h e  e f f e c t s  o f
summer w ind  c e s s a t i o n  on  c r o a k e r  sp aw n in g  and  l a r v a e  
a v a i l a b l e  to  be  r e c r u i t e d  in to  t h e  Chesapeake Bay.
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t e m p e r a t u r e s  a f f e c t  th e  f a l l  m ig r a t i o n ,  c ro a k e r  appear to  spawn f a r t h e r  
so u th  i n  th e  y e a r s  when th e  wind c e s s a t i o n  i s  l a t e *  I f  c e s s a t i o n  d o es  
n o t  ta k e  p la c e  b e f o r e  th e  ou t-B ay  m i g r a t i o n ,  on ly  a narrow , in sh o re  band 
o f  warm w a t e r  e x i s t s ,  p r o m p t in g  c r o a k e r  t o  m i g r a t e  s o u t h  t o  f i n d  
a p p r o p r i a t e  c o n d i t io n s  f o r  spaw ning. T h is  m atch /m is-m atch  o f  th e  t im ing  
o f  c e s s a t i o n  o f  th e  summer wind reg im e and c ro a k e r  m ig ra t io n  o u t  o f  t h e  
C h e s a p e a k e  Bay i s  s i g n i f i c a n t  i n  d e te rm in in g  where c ro a k e r  spawn. T his  
r e s u l t s  i n  e n h a n c e d  o r  r e d u c e d  r e c r u i t m e n t  o f  j u v e n i l e s  t o  t h e  
Chesapeake Bay.
CHAPTER 5 
J u v e n i l e  A t l a n t i c  Croaker
INTRODUCTION
A index  of j u v e n i l e  c ro a k e r  r e c r u i tm e n t  was developed  to  t e s t  
p roposed  r e l a t i o n s h i p s  between ju v e n i l e s  and en v iro n m en ta l  f a c t o r s .  The 
VIMS t r a w l  s u r v e y  d a t a  ba6e i s  un ique  on th e  e a s t  c o a s t  because  o f  i t s  
d u r a t i o n  and c o n t i n u i t y .  No o th e r  d a ta  s e t  e x i s t s  t h a t  samples th e  same 
s p e c i e s  i n  t h e  same l o c a l i t y  w ith  c o n c u r re n t  p h y s i c a l  d a ta  over a long 
p e r io d  o f  t im e .  A u s t in  and Ingham (1978) h a v e  n o t e d  t h a t  t i m e  s e r i e s  
a n a l y s e s  o f  b i o l o g i c a l  d a ta  s e t s  a r e  o f t e n  d i f f i c u l t  due to  t h e i r  poor 
q u a l i t y  an d  s h o r t  d u r a t i o n .  T h e s e  d a t a  how ever  a r e  r e l i a b l e  an d  
c o n s i s t e n t  f o r  c r o a k e r  becau se  i t  i s  a d em ersa l f i s h  found in  th e  deep 
ch an n e ls  o f  th e  r i v e r ,  where th e  g e a r  samples most e f f i c i e n t l y .  I t  i s  
e s p e c i a l l y  f o r t u i t o u s  t h a t  t h i s  s u r v e y  encompassed th e  p e r io d  o f  the  
d i s a p p e a ra n c e ,  absence  and r e s u r g e n c e  o f  t h e  A t l a n t i c  c r o a k e r  i n  t h e  
Chesapeake r e g io n .
METHODS
A c r o a k e r  b i o l o g i c a l  y e a r  was d e s ig n a te d  as  O ctober th rough  
Sep tem ber.  T h is  d e s ig n a t io n  was a s s ig n e d  b e ca u se  O ctober i s  th e  peak o f  
s p a w n in g ,  a n d ,  a s  s u c h ,  i s  c o n s i d e r e d  t h e  sp a w n in g  d a t e  when ag ing
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c ro a k e r  (W hite and C h it te n d e n  1977).  Abundance v a lu e s  were s ta n d a rd iz e d  
t o  c r o a k e r '  p e r  t e n  m in u te  tow  a s  a  m e a s u re  o f  e f f o r t .  T h ese  w ere  
averaged  by month o ver  a l l  c o l l e c t i o n s  f o r  th e  e n t i r e  York R iv e r  s y s te m  
i n c l u d i n g  th e  Pamunkey and M a tta p o n i .  A s i n g l e  index  was c a l c u l a t e d  to  
r e p r e s e n t  th e  j u v e n i l e  c ro a k e r  abundance each  b i o l o g i c a l  y ea r  (YVD) .
I  A .
The VIMS t r a w l  su rvey  d a t a  (1955-82) f o r  a l l  V i r g in ia  r i v e r s ,  
J a m e s ,  Y o rk ,  R a p p a h a n n o c k ,  P o tom ac  i n  t h e  C h e s a p e a k e  Bay s y s t e m ,  
i n c l u d i n g  t h e  Bay i t s e l f ,  w e r e  a n a l y z e d  u s i n g  S IR  ( S c i e n t i f i c  
In fo rm a t io n  R e t r i e v a l )  ( R o b in s o n ,  A nderB on , C ohen , G a z d z ik ,  K a r p e l ,  
M i l l e r  and S t e i n  1980) on a Prime 850 computer (Appendix 5 .1  -  F ig u re )  
( s e e  N orcross  and Shaw 1983).  C roaker w ere  n o t  a n a l y z e d  a c c o r d i n g  t o  
p o s i t i o n  w i th in  th e  r i v e r  f o r  t h i s  s tu d y ,  b u t  on ly  acc o rd in g  to  r i v e r  i n
i
which c o l l e c t e d .  UBe o f  a l l  r i v e r s  combined in c re a s e d  th e  sample s i z e s ,  
n u m b e r  o f  s a m p l e s  an d  number o f  m on ths  s a m p le d .  A v e ra g e  c r o a k e r  
abundance p e r  month was c a l c u l a t e d  fro m  t h e  t o t a l  num ber o f  c r o a k e r
c a p t u r e d  p e r  m o n th  d i v i d e d  by t h e  t o t a l  number o f  tow s p e r  m onth
_ T o ta l  # Croaker/Month.
AVG =T o ta I” 5 - Tows7Month ’  '
While in  th e  f i e l d  p a r t i c i p a t i n g  in  th e  VIMS t r a w l  su rv e y s ,  I  
d is c o v e re d  t h a t  th e  c ro a k e r  c a p tu re d  by t h i s  survey  were n o t  j u s t  young- 
o f - t h e - y e a r .  T h e re fo re ,  I  o b ta in e d  th e  c ro a k e r  le n g th  d a ta  from a l l  th e  
VIMS t r a w l  s u rv e y s .  SPSS ( S t a t i s t i c a l  Package f o r  th e  S o c ia l  S c i e n c e s )  
( H u l l  and H ie  1981) was u s e d  on a  P r im e  850 to  produce one graph  f o r  
each  month d a t a  were a v a i l a b l e .  Two s e t s  o f  g raphs  w ere  m ade, one  f o r  
a l l  t h e  r i v e r s  combined and one f o r  j u s t  th e  York R iv e r  system . Though 
th e  d a t a  from a l l  th e  V i r g in i a  r i v e r s  in  th e  Chesapeake Bay s y s te m  w ere  
u t i l i z e d ,  t h e  Y ork R i v e r  d a t a  w e re  a l s o  a n a l y z e d .  When d i v i s i o n s  
between y e a r  c l a s s e s  f o r  th e  Bay-wide d a t a  were o b s c u re ,  such as  in  1976
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( F i g u r e s  5 . 1 ) ,  t h e  Y ork  R iv e r  d a ta  were used to  h e lp  i n t e r p r e t  b re a k ­
p o in t s  (F ig u re  5 . 2 ) .
The t im e  o f  c e s s a t i o n  o f  t h e  summer w in d ,  as  d i s c u s s e d  i n  
C hap te r  4 ,  was used to  i n t e r p r e t  th e  incom ing  y e a r  c l a s s ,  i . e .  i t  was 
a ssum ed  t h a t  sp aw n in g  b e g a n  ab o u t  th e  time o f  c e s s a t i o n ,  and t h a t  new 
y o u n g -o f - th e -y e a r  appeared  soon a f t e r  t h a t .  T ab le  5 .1  shows r e s u l t s  o f  
t h e  a n a l y s i s  o f  t h e  t im e  o f  c e s s a t i o n  f o r  t h e  e n t i r e  tim e s e r i e s  o f  
N o rfo lk  a i r p o r t  d a t a ,  1948-1981. The a ssessm en t o f  f i r s t  a p p e a r a n c e  o f  
e a c h  y e a r  c l a s s  was made b a s e d  on t h e  l e n g t h s  when a v a i l a b l e .  When 
t h e r e  were no l e n g th s ,  th e  a p p a re n t  in c re a s e  i n  abundance o f  c ro a k e r  was 
i n t e r p r e t e d  a s  t h e  in c o m in g  y e a r  c l a s s .  While t h i s  l a t t e r  te c h n iq u e  
r e p r e s e n t s  th e  tim e o f  th e  m a jo r i t y  o f  th e  y e a r  c l a s s  e n t e r in g  t h e  B ay , 
i t  n o t  n e c e s s a r i l y  c o m p a r a b le  to  y e a r s  when a few  j u v e n i l e s  w e re  
d e t e c t e d  e a r l i e r  th a n  th e  m ajor i n f l u x .  S iz e  r a n g e  and m o d a l s i z e  o f  
th e  c ro a k e r  i n  th e  f i r s t  month o f  appearance i s  shown in  T ab le  5 .1 .
There  was some t r o u b l e  i n t e r p r e t i n g  th e  d i f f e r e n c e  b e tw e e n  
" s lo w "  g ro w in g  p r e v i o u s  y ea r  c l a s s e s  and "new" y ea r  c l a s s e s .  Chao and 
Musick (1977) d i s c u s s  modal y e a r - c l a s s  s i z e s  and i n t e r p r e t  sm a ll  c ro a k e r  
i n  t h e  s p r i n g  a s  "new " r e c r u i t s .  H ow ever, b a s e d  on th e  a n a l y s i s  o f  
spawning p la c e  and tim e i n  C hap te r  4 ,  I  d id  n o t  a g r e e  t h a t  t h e s e  came 
fro m  a  s p r i n g  spawn i n  t h e  M id -A t la n t ic  B ig h t .  To an a ly ze  t h i s ,  J u ly  
was c h o s e n  a s  r e p r e s e n t a t i v e  b e c a u s e  l e n g t h s  f o r  more c o l l e c t i o n s  
e x i s t e d  f o r  t h a t  m on th .  Modal le n g th s  and ran g es  were p l o t t e d  a g a i n s t  
th e  av e ra g e  Jan u ary -F eb ruary -M arch  VIMS p i e r  t e m p e r a t u r e  ( F i g u r e  5 . 3 ) .  
T h i s  p l o t  showed t h a t  when th e  average  tem p era tu re  was c o ld ,  th e  modal 
s i z e  was s m a l le r  th a n  w i th  a  warm te m p e ra tu re .  Growth i s  ex p ec ted  to  be  
s lo w e r  w i t h  c o l d e r  te m p e ra tu re s  (Warlen 1980 ) .  The v a r i a t i o n  i n  modal
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F ig u re  5 .1
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  t a k e n  b y  t h e  VIMS t r a w l  
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F ig u re  5 .2
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  t a k e n  by t h e  VIMS t r a w l  
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J u v e n i l e  Croaker R ecru i tm en t:  P h y s ica l  and B io lo g ic a l  Data
C e s s a t io n  o f  New YearclasB J u v e n i l e
Sunnier Hind F i r s t  Appearance In d ic e s
Year ( In d e x  -  Month/3) ( s i z e  mm) J FALL **SUM*
1948 Begin August 4 - — — —
1949 Begin August 4 - - - -
1950 Mid August 5 - - - -
1951 Mid September 8 December - - -
1952 Mid August 5 October (2 0 ,3 0 ,9 0 ) - -
1953 End September 9 September (2 0 ,6 0 ) 57.99 22.45
1954 Mid October 11 - - - 3.67
1955 Mid August 5 - - - 0.32
1956 End J u ly 3 - - 10.04 45.44
1957 End J u ly 3 August (2 0 ,5 0 ,6 0 ) 10.22 1.00
1958 Mid August 5 - - 5.62 0.45
1959 End August 6 - - 9 .09 5.16
1960 Mid August 5 - - - 0.21
1961 End August 6 - - 1.08 9.67
1962 End J u ly 3 September (70) 0.73 0.07
1963 End August 6 November - 3.22 0 .65
1964 End August 6 August (30) 11.43 4.25
1965 Mid O ctober 11 October (6 0 ,7 0 ) 18.83 0.01
1966 End August 6 October (4 0 ,5 0 ,9 0 ) 7.74 1.94
1967 Begin September 7 December (2 0 ,6 0 ) 0.01 0.42
1968 Mid August 5 October (30) 11.39 1.03
1969 Mid August 5 September (1 0 ,3 0 ,4 0 ) 41 .14 1.52
TABLE 5.1 (Continued)
89
C e s s a t io n  o f  New Y e a rc la s s  J u v e n i l e
Summer Wind F i r s t  Appearance In d ice s
Year ( in d e x  -  Month/3) ( s i z e  mm) ^FALL ^SUM*
1970 Begin O ctober 10 October (2 0 ,4 0 ,7 0 ) 21.15 0.33
1971 End August 6 September (3 0 ,4 0 ) 22.89 14.52
1972 End August 6 J u ly (40) 16.51 6.80
1973 Mid August 5 August (3 0 ,4 0 ) 30.20 113.72
1974 Begin September 7 October - 10.05 43.02
1975 End September 9 August (1 0 ,2 0 ,6 0 ) 106.12 51.13
1976 Mid J u ly 2 J u l y ( 2 0 ,4 0 ,5 0 ) 136.94 3.43
1977 B egin  O ctober 10 October - 62.66 2.04
1978 Mid August 5 September - 83.48 10.48
1979 Mid September 8 September (1 0 ,2 0 ,4 0 ) 42.27 13.20
1980 End September 9 September (1 0 ,^ 0 ,1 0 0 ) 70.68 0.98
1981 Mid August 5 October (1 ,2 0 ,8 0 ) 38.72 5.72
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F ig u re  5 .3
Modal l e n g t h s  and  r a n g e s  f o r  c ro ak e r  in  J u ly  v e rs u s  th e  
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s i z e  appea red  to  be  th e  g r e a t e s t  between 4.5°C and 5 .0 °C . A d d i t i o n a l ly ,  
as  would be e x p e c te d ,  th e  r a n g e  a p p e a r e d  t o  b e  r e l a t e d  t o  t h e  sam p le  
s i z e ,  i . e . ,  t h e  r a n g e  was g r e a t e r  w i t h  a l a r g e  s a m p le  s i z e .  Young 
c ro a k e r ,  20-30 mm, p re v io u s ly  have been r e p o r t e d  i n  t h e  York R i v e r  i n  
t h e  s p r i n g  (R an ey  and Massman 1953, Massman 1954).  G e n e ra l ly ,  w i th  a 
la rg e  sample s i z e ,  th e  lower l i m i t  o f  th e  range  was ex ten d ed ,  e . g .  1975, 
1976 and 1977. However, w h ile  i n  some y e a r s  t h i s  e x te n s io n  appeared  a s  
a  continuum  over th e  s i z e  range  ( e . g .  1975, F ig u re  5 . 4 ) ,  i n  o t h e r  y e a r s  
t h e r e  was c l e a r l y  a b im odal d i s t r i b u t i o n  in  0+ f i s h  ( e . g .  1973, F ig u re  
5 . 5 ) .  What may appear  to  be an absence  o f  g row th ,  may be because  o f s th e  
c o n t i n u o u s  removal o f  y o u n g -o f - th e -y e a r ,  due to  m ig r a t io n ,  p r e d a t io n  o r  
n a t u r a l  m o r t a l i t y ,  f ro m  t h e  a r e a  s am p led  ( F o r t i e r  and  L e g g e t  1982) . 
S e c o n d a r y  m odes  a t  a s m a l l e r  s i z e  a r e  i n d i c a t e d  ( F i g u r e  5 . 3 ) .  
S im ultaneous i n t r o d u c t i o n  o f  a  "new " y e a r  c l a s s  w i t h  t h e s e  p a t t e r n s  
f u r t h e r  c o m p l i c a t e s  a g e / c l a s s  i n t e r p r e t a t i o n .  T h u s  t h i s  J u l y  
in v e s t i g a t i o n  o f  age a t  s i z e ,  a s  w e l l  a s  tim e o f  wind c e s a t i o n  and  Y ork 
R ive r  le n g th  d i s t r i b u t i o n s ,  were used  to  i n t e r p r e t  th e  o t h e r  m onths.
Length d a t a  w e re  n o t  a v a i l a b l e  f o r  a l l  c o l l e c t i o n s  i n  a l l  
y e a r s .  L e n g th s  p u b l i s h e d  by  Massman and Pacheco (1960) were used  f o r  
1956, 1957 and 1958. I t  should  be n o te d  h o w e v e r ,  t h a t  t h e i r  d a t a  d i d  
n o t  i n c l u d e  c r o a k e r  l e s s  th an  50 mm. T h is  i s  becau se  t h e i r  g e a r  was a 
30 fo o t  t r a w l  w i th  o n e - in c h  mesh and t h r e e - q u a r t e r s  i n c h  cod e n d ,  t h u s  
n o t  s a m p l in g  s m a l l e r  f i s h .  A com parison o f  th e  two m onths, August and 
September 1957, f o r  which b o th  Massman and P a c h e c o 's  (1 9 6 0 )  an d  VIMS's 
t r a w l  s u r v e y  l e n g t h s  a r e  a v a i l a b l e ,  shows t h a t  th e  incoming y e a r  c l a s s  
was r e p re s e n te d  i n  TIMS t r a w l  s u r v e y  b u t  n o t  i n  t h e  p u b l i s h e d  d a t a .  
T h i s  may m i s r e p r e s e n t  t h e  d a t a  f o r  t h e  o t h e r  y e a r s  a l s o .  F o r
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F ig u re  5 .4
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  i n  J u l y  1 9 7 5 .  N o te  th e
i f
ex tended  s i z e  ra n g e  o f  0 f i s h .
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F ig u re  5 .5
L e n g t h / f r e q u e n c y  f o r  c r o a k e r  i u  J u l y  1 9 7 3 .  N o te  t h e  
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t h i s  r e a s o n ,  becau se  o f  th e  t i n e  o f  summer wind c e s s a t i o n ,  and  b e c a u s e  
o f  th e  r e l a t i o n s h i p  between modal s i z e  and w in te r  tem p era tu re , .  1958 d a ta  
were r e i n t e r p r e t e d  t o  r e f l e c t  y o u n g - o f - t h e - y e a r  r e c r u i t m e n t  i n  t h e  
summer.
No le n g th  d a t a  were c o l l e c t e d  f o r  t h e  1 9 73 -78  C r u s t a c e o l o g y  
c r u i s e s  t h a t  w ere  u s e d  t o  augm ent t h e  s u rv e y  d a ta  (N o rc ro ss  and Shaw 
1983) .  L e n g th / f r e q u e n c ie s  f o r  1 9 7 4 -1976  f ro m  Chao and  M usick  (1 9 7 7 )  
w e re  u s e d  t o  i n t e r p r e t  y e a r - c l a s s  s t r e n g t h  when t r a w l  survey  le n g th s  
were n o t  a v a i l a b l e .  I n t e r p r e t a t i o n  o f  J u ly  1975, which in c lu d e d  a  l a rg e
l
s i z e  r a n g e  o f  y o u n g - o f - t h e - y e a r ,  was a id ed  by d a ta  from S t i l l p o n d  Neck 
in  Maryland (Kaufman, O t to  and  M i l l e r  1 9 8 0 ) .  I n  t h e s e  c o l l e c t i o n s ,  
y o u n g -o f - th e -y e a r  c ro a k e r  w ith  a modal le n g th  o f  30 mm d id  n o t  appea r in  
th e  upper Bay u n t i l  O c to b e r .  T h e re fo re ,  th e  sm all  c ro a k e r  in  J u l y  w ere  
co n s id e re d  to  be  slow grow ers from th e  p re v io u s  y e a r ' s  r e c r u i tm e n t .
To v e r i f y  t h e s e  a n a l y s e s ,  m oda l l a r v a l ,  p o s t - l a r v a l ,  and  
j u v e n i l e  le n g th s  from s e v e r a l  so u rces  were u s e d :  MARMAP c r u i s e s  on th e
s h e l f ;  VIMS n e u s t o n  c r u i s e s  a t  t h e  C h e s a p e a k e  Bay m o u th ;  VIMS SAV 
(S ubm erged  A q u a t i c  V e g e t a t i o n )  p r o j e c t  on  th e  V i r g in i a  e a s t e r n  sho re  
(B rooks ,  M e r r in e r ,  M eyers, O lney, B o e h l e r t ,  L a s c a r a ,  E s t e s  and  Munroe 
1 9 8 1 ) ;  VIMS e n tra in m e n t  and impingement c o l l e c t i o n s  and t r a w l  and s e in e  
d a t a  (White 1976) a t  th e  VEPCO S urry  N u c le a r  Power P l a n t  on t h e  Jam es 
R i v e r ;  and B e n e d i c t  E s t u a r i n e  L ab o ra to ry  c o l l e c t i o n s  ( J .  Hixson p e r s .  
comm) a t  C a lv e r t  C l i f f s  N uc lea r  Power P l a n t ,  M aryland, i n  mid Chesapeake 
Bay. F ig u re  5 .6  shows modal s i z e s  below 60 mm a t  th e se  l o c a t i o n s  in  th e  
M i d - A t l a n t i c  B ig h t  an d  C h e sa p e a k e  B a y ,  1 9 7 3 - 1 9 8 0  . T im e  o f  w in d  
c e s s a t i o n  i s  i n d i c a t e d  by  v e r t i c a l  hashmarks on th e  t im e  s c a l e  a t  th e  
bo ttom  o f  th e  f i g u r e .  I n t e r p r e t a t i o n  o f  y e a r - c l a s s  s e p a r a t i o n s  a r e
F ig u re  5 .6
Time s e r i e s  (1973-1980) o f  modal s i z e s  o f  c r o a k e r  i n  t h e  
C h e s a p e a k e  Bay and  n e a r s h o r e  r e g i o n .  Y ear c l a s s e s  a re  
s e p a ra te d  by c u r v e d  v e r t i c a l  l i n e s .  A v e ra g e  J a n u a r y -  
F e b r u a r y - M a r c h  t e m p e r a tu r e s  (°C) a r e  d e s ig n a te d  between 
th e s e  s e p a r a t i o n s .  C e s s a t io n  o f  summer wind i s  in d i c a te d  



















































d e p ic te d  by v e r t i c a l  curved  l i n e s .  T h i s  d i v i s i o n  i s  b a s e d  on s p r i n g  
s i z e  o f  c r o a k e r  and  t im e  o f  b e g in n in g  o f  spawning th e  n ex t  f a l l .  The 
space  s e p a r a t i n g  th e  y e a r  c l a s s e s  i s  l a r g e r  in  c o ld  y e a r s  and s m a l le r  in  
warm y e a r s .  Average January -F ebruary -M arch  te m p e ra tu re s  (°C) a r e  shown 
i n  th e  s p a c e  b e tw e e n  y e a r  c l a s s e s .  I n  t h e  w arm er y e a r s ,  t h e r e  a r e  
s m a l l e r  c r o a k e r  i n  t h e  s p r i n g ;  w h i l e  i n  c o l d e r  y e a r s ,  t h e r e  a r e  no 
c ro a k e r  i n  th e  s p r i n g .
L e n g t h / f r e q u e n c y  c h a r t s  f o r  ea c h  m onth  o f  j u v e n i l e  d a t a
a v a i l a b l e  1952-82 , d iv id e d  by y e a r  c l a s s ,  can be  fo u n d  i n  N o r c r o s s  and
Shaw ( 1 9 8 3 ) .  The p e r c e n t  o f  each  year  c l a s s  was m u l t i p l i e d  by  th e  t o t a l
index  = av e rag e  number p e r  10-m inute tow) t h a t  had been c a l c u l a t e d
f o r  t h a t  m o n th .  F o r  e a c h  y e a r  c l a s s ,  a m onthly index  was c a l c u l a t e d
( J „ rt„ )  when d a t a  were a v a i l a b l e .  The in d e x  i s  o f t e n  zero  f o r  t h e  o l d e r  HON
( I I  and  I I I )  y e a r  c l a s s e s .  These a r e  t h e  in d ic e s  t h a t  were used
f o r  th e  i n t e r p r e t a t i o n  o f  y e a r - c l a s s  s t r e n g t h  i n  t h e  r e m a in d e r  o f  t h i s  
d i s s e r t a t i o n .  The d e t a i l s  a r e  found in  N orcross  and Shaw (1 9 8 3 ) .
RESULTS and DISCUSSION
I n d i c e s  o f  y e a r - c l a s s  s t r e n g t h  were g e n e ra te d  by combining 
months o f  d a t a .  The d a ta  could  n o t  be a d d ed  t o  p r o d u c e  a sum b e c a u s e  
t h e r e  w ere  m o n th s  when no c o l l e c t i o n s  were made. Thus, th e  f a l l  index 
( J FALL} ( 0 c to b e r  -December) was t h e  r e s u l t  o f  t o t a l i n g  c r o a k e r  ( p e r  1 0 -  
m inu te  tow) cau g h t f o r  a l l  f a l l  months sam pled, d iv id e d  by th e  number o f  
m o n th s  s a m p le d .  The summer ( A p r i l - S e p t e m b e r )  i n d e x  was
c a l c u l a t e d  in  a s i m i l a r  m anner. These in d i c e s  (T ab le  5 .1 )  a r e  b e  used
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to  c o r r e l a t e  w i th  t r a n s p o r t  and s u r v iv a l  in d i c e s  in  C h ap te rs  6 and 7 and 
to  e m p i r i c a l ly  e s t a b l i s h  c a u s a l  r e l a t i o n s h i p s .
The p o s s i b i l i t y  t h a t  d i f f e r e n c e s  i n  g e a r  may h a v e  c a u s e d  
v a r i a t i o n s  i n  t h e  a b u n d a n c e  r e s u l t s  was examined. D uring p r e l im in a r y  
a n a l y s e s a g e a r  com parisons were made on c ro a k e r  d a t a  from 1971-1977 York 
R i v e r  c o l l e c t i o n s .  Only one g e a r ,  an u n l in e d  30 fo o t  o t t e r  t r a w l ,  was 
used  from 1955 th rough  1970. F iv e  d i f f e r e n t  g e a r  t y p e s  w ere  u s e d  from  
1971 th r o u g h  1 9 7 7 ,  w i th  th e  u n l in e d  16 fo o t  o t t e r  t r a w l  and u n l in e d  30 
f o o t  s e m i - b a l l o o n  t r a w l ,  u s e d  o n ly  i n  1972 and 1 9 7 3 ,  r e s p e c t i v e l y .  
T a b le  5 . 2  sh o w s ,  b y  y e a r  and g e a r ,  th e  number o f  tows ta k e n ,  number o f  
c ro a k e r  caught p e r  tow, p e r c e n t  o f  c ro ak e r  p e r  tow c a p tu re d  by each g e a r  
w i th in  a y ea r  and c h i - s q u a r e  v a lu e  o f  t h i s  p e r c e n t .
While th e r e  i s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  among
2g e a r s  u s e d  i n  1971, 1972, and 1976, th e  c h i - s q u a r e  v a lu e s  f o r  1973 (X = 
2 5 . 0 ) ,  1975 (X^= 3 6 . 0 )  and  1977 (X^= 4 6 . 3 )  i n d i c a t e  a  s i g n i f i c a n t  
d i f f e r e n c e  (p  ** 0 . 0 0 0 5 ) .  The u n l in e d  16 fo o t  o t t e r  t r a w l  in  1972 and 
u n l in e d  30 fo o t  s e m i-b a l lo o n  t r a w l  i n  1973 a p p e a r  t o  h a v e  c a u g h t  l e s s  
c r o a k e r ,  b u t  t h e  r e s u l t s  a r e  c o n t r a d i c t o r y  f o r  t h e  l i n e d  16 fo o t  o t t e r  
t r a w l  and th e  l in e d  and u n l in e d  30 fo o t  o t t e r  t r a w l s .  These t e s t s  w ere  
i n c o n c l u s i v e .  For exam ple, th e  u n l in e d  30 fo o t  and l i n e d  16 fo o t  o t t e r  
t r a w ls  appea r to  h a v e  e q u a l  c a t c h  r a t e s  i n  1971 and  1 9 7 2 .  H ow ever,  
c o m p a r i s o n s  o f  l i n e d  and  u n l i n e d  16 and  30 f o o t  t r a w l s  show t h e i r  
c a tc h  r a t e s s  to  b e  a b o u t  e q u a l  i n  1 9 7 6 ,  t h e  30 f o o t  t r a w l  b e t t e r  i n  
1975, and th e  16 f o o t  t r a w l  b e t t e r  in  1977.
I n v e s t i g a t i o n  o f  th e  a b s o lu te  v a lu e s  o f  th e s e  m on th ly  i n d i c e s
( J unw) r e v e a l s  v a r i a t i o n  may b e  due to  g e a r  d i f f e r e n c e s ,  how ever, th e  MON







































CMCM —H00 50 n* n in o , 30 3 3 CM CMcn cn 3 cn r«» ON 3 • * * 3 o o 3 O i-H -HCM ♦ • * • * • * CMCMin ♦ • • • • •o 3 O n i—i o 30 «—4 CM JO JO 3cn 3 3 3 23 23
ueg a)H >4
. > s^  (J D MeguVg QJ
o
3oH «n jo
•4- cnu • •









O  H  ON
c m  cn















cn -h r^ * Ocn
)\= t,MN 30 in <j-
oo a\50 <t










ON CM CM CO
<r o
CMxf 00 CMcn 3 3
1
1 ON 3 m in 33 00 r*«* O rx ON ON CM ONH CM cn 3 1
•K
3egk44J
* ci-4 r4 o? 3 oeg W eg eg r—< 1-4 H rX f“4 H H rH r4X4 3 J-l u 3 3 f-4 3 3 $ 3 3XJ eg u 4J eg eg eg eg eg eg eg eg eg egu u 3 u u u tJ 4^ u uu 4-1 u Ui XJ XJ 1 4J 4-J 4-J u XJ XJ XJQJ <u aXJ 4-1 XJ M M s u Ui S-l u U U uXJ QJ W 4J <y 0) 0) QJ QJ QJ OJ QJ 0) OJO XJ 0 0 XJ XJ w 4-1 4-J 4-1 XJ 4-1 XJ XJxj 4-1 4-1 4J 4J XJ XJ XJ XJ XJXJ 0 4J XJ o o 4-1 O 0 O 0 O O 0o o o oo XI 0 o XJ 4-1 o 4J 4-i 4-J XJ XJ XJ XJ44 a <4-1 14-1 o O 44 0 o o 0 O O Oo o o 0 o o O O o o3 o U-l 1X4 o M-4 44 •44 U-l 1X4 *4 U-l•-Hcn cn3 3 3 3 3 3 3 3 3 oH 3 3 r»H 3 H cn 4^ cn **4 cn<u 0) a) QJc ■a c c 3 3 a 3 3 3 3 -Q 3 3•H QJ •i4 0) QJ QJ QJ n QJ <U QJ QJi-H c i-4 i—< c C r-4 C G c C G £ cc c C *p4 G **4 *»4 • *4 'H3 3 3 h-3 3 3 x-1



























An a b r u p t  i n c r e a s e  i n  f a l l  v a lu e s  i n  seen  in  1969, th e  y e a r  b e f o r e  th e  
l i n e d  t r a w l  was u s e d .  No such  i n c r e a s e  i s  a p p a r e n t  i n  t h e  sum m er 
i n d i c e s .  The d a ta  a l s o  cou ld  n o t  b e  n u m e r ic a l ly  a d ju s te d  f o r  g e a r  s in c e  
no VIMS g ea r  com parison s tu d ie s  a r e  c u r r e n t l y  a v a i l a b l e ,  b u t .  a r e  b e i n g  
p l a n n e d  f o r  1 9 8 3 -8 4 ,  (R .  D i a s ,  VIMS p e r s .  comm.). No ad ju s tm e n t  was 
made f o r  v e s s e l ,  s in c e  t h a t  i s  a  d i f f i c u l t  p a ram e te r  to  q u a n t i f y  and  no 
d a t a  a r e  a v a i l a b l e .  Traw ling  e f f o r t  was s ta n d a rd iz e d  i n  number p e r  t e n  
m inute  tow o n ly .
A l l  in d ic e s  f o r  1955 th ro u g h  1979 a r e  p ro b ab ly  u n d e re s t im a te d .  
From 1955 to  1970, th e  u n l in e d  h a l f - i n c h  mesh 30 f o o t  t r a w l s  t h a t  w ere  
u s e d  d i d  n o t  a d eq u a te ly  sample t h e  v e ry  sm all  y o u n g -o f - th e -y e a r  c ro a k e r  
thuB u n d e r e s t i m a t i n g  t h e  i n d i c e s  ( • T h i s  i s  v e r i f i e d  b y  t h e
d e c re a se  in  f a l l  modal s i z e  and f a l l  s i z e  ra n g e  i n  l a t e r  y e a r s  (N o rc ro ss  
and Shaw 1983). The v a l u e s  f o r  1 9 7 0 - 7 9 ,  w h i l e  h i g h e r ,  do s t i l l  n o t  
d i r e c t l y  co rrespond  to  th e  1980-82 sam ples .  I n  th e  most r e c e n t  sam p les ,  
a l i n e d  30 fo o t  t r a w l  was u sed .  A l i n e d  t r a w l  in  th e  e a r l i e r  y e a r s  was 
o f t e n  o n ly  16 f e e t ,  w h ich  s h o u ld  c a t c h  few er  c ro a k e r  th an  th e  l a r g e r  
t r a w l  a l l  s e a s o n s ,  no t j u s t  d u r in g  t h e  f a l l  l i k e  t h e  u n l i n e d  t r a w l s .  
T h i s ,  t o g e t h e r  w i th  t h e  f a c t  t h a t  th e  supp lem en tary  1973-78 c ra b  tows 
were made w ith  an u n l in e d  30 fo o t  t r a w l  (R . H a r r i s ,  VIMS p e r s .  co m m .) ,  
u n d e r e s t i m a t e d  th o s e  v a l u e s  f ro m  1970-1979. A l l  th e  g e a r  u sed  i n  th e  
York R ive r  in  1971, 1972, and 1973 were l e s s  e f f i c i e n t  th a n  t h e  30 f o o t  
l i n e d  t r a w l ,  b u t  t h e  l i n e d  30 f o o t  t r a w l  began  to  be  u sed  e a r l i e r  in  
r i v e r s  o th e r  th a n  th e  York (N orcross  and Shaw 1 9 8 3 ) .  However a  16 f o o t  
t r a w l  was s t i l l  used e x te n s iv e ly  from  1974 th ro u g h  1978, and somewhat i n  
1979 in  a l l  r i v e r s .
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A u to re g re s s iv e  te n d e n c ie s  a l lo w  p r e d i c t i o n s  o f  abundance to  be 
made b ased  on p r e s e n t  o r  some d e f in e d  p a s t  a b u n d a n c e .  The VIHS t r a w l  
s u r v e y  d a t a  f o r  c r o a k e r  w e re  t e s t e d  f o r  th e s e  t e n d e n c ie s ,  b u t  r e s u l t s  
were n o t  s i g n i f i c a n t  ( t  = 2 .1 8 9 ,  p = 0 .0 3 7 8 ) .  Only th e  f i r s t  v a l u e  f o r  
th e  p re v io u s  y ea r  was s l i g h t l y  s i g n i f i c a n t  ( t  = - 2 . 9 7 8 ) ,  which i n d i c a t e s  
a t e n d e n c y  f o r  e a c h  y e a r ' s  a b u n d a n c e  t o  b e  lo w e r  t h a n  i t  w as t h e  
p r e v i o u s  y e a r .  T h e re  i s  no b i o l o g i c a l  b a s i s  f o r  t h i s  a s  i t  i s  an  
a r t i f a c t  o f  t h e  d a t a  m a n i f e s t e d  by  an  o v e r a l l  d e c r e a s i n g  t r e n d  i n  
abundance du r in g  th e  time p e r io d  o f  th e  d a t a .  T hus ,  f u t u r e  abundance o f  
j u v e n i l e  c ro ak e r  can n o t  be p r e d ic te d  based  on p r e s e n t  a b u n d a n c e .  T h i s  
i n d i c a t e s  t h e  n e c e s s i t y  f o r  p r e d i c t o r  v a r i a b l e s  t o  be i d e n t i f i e d  and 
t e s t e d  in  th e  p r e d i c t i v e  m odel.
P r io r  to  u s in g  le n g th s  to  d iv id e  y ea r  c l a s s e s ,  th e  b i o l o g i c a l  
y ea r  (O ctober-S ep tem ber)  index  developed from th e  VIMS York R i v e r  t r a w l  
su rvey  (1955-77) was t e s t e d  as  a  p r e d i c t o r  f o r  com m ercial c a t c h  in  l a t e r  
y e a r s .  C o r r e l a t i o n s  were ru n  u s in g  t h i s  index  and th e  y e a r ly  com mercial 
la n d in g s  i n  V i r g in i a .  Knowledge o f  th e  l i f e  h i s t o r y  o f  th e  c r o a k e r ,  age 
o f  c o m m e rc ia l  c a t c h  ( f r o m  Massman and  P a c h e c o  1 9 6 0 )  a n d  a p p a r e n t  
r e l a t i o n s h i p s  b e tw e e n  j u v e n i l e s  and  c o m m e rc ia l  c a t c h  ( F i g u r e  5 . 7 )  
su g g es ted  t h a t  c ro a k e r  a re  f i s h e d  a t  a g e s  I I  to  I V .  C o m m erc ia l  c a t c h  
was c o r r e l a t e d  w i t h  t h e  t o t a l  y e a r l y  in d e x  (Yy r ) lagged  0 to  5 y e a rs  
( v a r i a b l e s :  YOY, Y 0Y1, YOY2, YOY3, Y 0Y4, YOY5) ( T a b l e  5 . 3 ) .
N o n p a r a m e t r ic  s t a t i s t i c s  r e s u l t s  were more s i g n i f i c a n t  th a n  p a ra m e tr ic  
r e s u l t s ,  i n d i c a t i n g ,  p e rh a p s ,  a n o n l in e a r  r e l a t i o n s h i p .  Lags o f  2 ,  3 ,  4 
and  5 y e a r s  c o r r e l a t e d  r e l a t i v e l y  w e l l  (p  = 0 .01  to  0 . 0 4 ) ,  however, no 
s i n g l e  y e a r ly  j u v e n i l e  index  ( Y ^ )  produced  a f i t  t o  p r e d i c t  c o m m e rc ia l  
c a t c h .  T h ese  r e s u l t s  i n d i c a t e d  t h a t  no s i n g l e  y e a r l y  index  o f  York
F ig u re  5.7
O v e r l a y  o f  V i r g i n i a  c o m m e rc ia l  l a n d i n g s  o f  c r o a k e r  
( p o u n d s )  and y e a r l y  i n d e x  (Y yg) f ro m  t h e  VIMS t r a w l  
survey  in  th e  York R iv e r  t h r e e  y e a rs  p r e v i o u s l y .
VIRGINIA CROAKER DATA
COMMERCIAL CATCH AND JUVENILE TRAWL SURVEY
SUMMER JUVENILES THREE YEARS PRECEEDING
4 .CH
3 . 0 -
2 . 5 -
2 - 0 -
0 . 5 -
0 . 0-
- 0  - 5 -
54 56 58 60 62 66 68 72 74 76 7864 70
YEAR
NMFS AND VIMS DATA ( 1 9 5 1 - 1 9 7 9 )
STANDARDIZED SCALE 
POUNDS OF COMMERCIAL CROAKER— SOLID LINE 
JUVENILE CROAKER PER 10 MINUTE TRAWL— DASHED
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TABLE 5 .3
C o r r e l a t i o n s  o f  Commercial Catch v s .  A l l  Young-of-*the-Year C roaker 
(S im u l ta n e o u s ly  and 1-5 Years P re v io u s ly )
YOY YOY1 YOY2 Y0Y3 Y0Y4 YOY5
Pearson  C o r r . Coef. (P a ra m e tr ic )
R -0 .0 9 9 0.104 0.267 0.327 0.390 0.291
P 0 .62 0.61 0.18 0.10 0 .05 0 .17
n 27 27 27 26 25 24
Spearman C orr .  Coef. (N on-P a ram etric )
R 0.319 0.407 0.398 0.441 0.539
P 0 .11 0.04 0.04 0 .03 0 .01
n 27 27 26 25 24
2-3 3-4 4-5 2 -3 -4 3-4-5  2 -3 -4 -5
M u lt ip le Regress io n
F 1.46 2.17 2.49 1.40 1.67
P„ 0 .25 0.14 0.11 0.27 0.21
R2 0.113 0.165 0.192 0.167 0.201
t - 2 0.382 0.243
t - 3 1.023 0.569 0.354 0.470
t - 4 1.1795 1.670 1.126 0.167
t -5 0.117
Stepw ise R eg ress ion
F 2.87 4.14 5.20 4 .14 5.20 5.20
P„ 0 .1 0 0.05 0.03 0 .05 0.03 0.03
R2 0.106 0.152 0.191 0.152 0.191 0.191
S e le c te d YOY2 Y0Y4 Y0Y4 YOY4 Y0Y4 YOY4
V a r ia b le s Only Only Only Only Only Only
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R iv e r  c ro a k e r  abundance was a  s i g n i f i c a n t  p r e d i c t o r  o f  t h e  c o m m e rc ia l  
c ro a k e r  c a tc h  in  V i r g in i a .  These r e s u l t s  d id  no t  r u l e  o u t  one y e a r  o ld s  
c o n t r i b u t i n g  s u b s t a n t i a l l y ,  a l th o u g h  l e s s  s i g n i f i c a n t l y  t h a n  t h e  o l d e r  
f i B h ,  t o  t h e  s t a t e w i d e  c o m m e rc ia l  c a t c h  d u r i n g  y e a r s  o f  ab u n d an c e .  
C o n v e rse ly ,  co m m erc ia l  c a t c h  t h e  same y e a r ,  a s  a n  in d e x  o f  sp aw n in g  
s t o c k  s i z e ,  d i d  n o t  c o r r e l a t e  w e l l  w i t h  t h e  y e a r l y  York R ive r  index 
(Y,yg) o f  r e c r u i tm e n t .
SUMMARY AND CONCLUSIONS
Monthly c ro a k e r  in d i c e s  were g e n e ra te d  from t h e  VIMS t r a w l  s u r v e y  
d a t a  b a s e  ( 1 9 5 2 - 8 2 )  b y  y e a r  c l a s s  ( J M0N) ■ P re l im in a ry  a n a ly se s  show 
t h a t  th e  j u v e n i l e  in d i c e s  canno t be p r e d i c t e d  a u t o r e g r e s s i v e l y .  A l s o ,  
no d i r e c t  c o r r e l a t i o n  b e tw e e n  t h e s e  i n d i c e s  and commercial c a t c h  was 
found .  These f in d in g s  s u g g e s t  t h a t  e n v i r o n m e n t a l  f a c t o r s  n e e d  t o  be  
i n c o r p o r a t e d  i n  t h e  p r e d i c t i v e  m ode l o f  c r o a k e r  a b u n d a n c e  b e tw e e n  
j u v e n i l e  and a d u l t  s t a g e s .
The j u v e n i l e  i n d i c e s  d e r i v e d  from t h i s  su rv ey  d a t a  a r e  n o t  
d i r e c t l y  com parable b u t  w i l l  b e  u s e d  i n  s u b s e q u e n t  a n a l y s i s  o f  y e a r -  
c l a s s  s t r e n g t h .  The a n n u a l l y  in c re a s in g  i n d i c e s ,  which co rrespond  to  
i n c r e a s e d  r e c r u i t m e n t ,  a l s o  c o r r e s p o n d  t o  t h e  i n c r e a s i n g  g e a r  
e f f i c i e n c y .  T h e re fo re ,  d i s c r e p a n c ie s  which may r e s u l t  i n  th e  m odel, may 
be e x p la in e d  by th e s e  e r r o r s  in  th e  d a ta  due to  g e a r .
CHAPTER 6
T ra n s p o r t  o f  L a rv a l  Croaker in to  t h e  Chesapeake Bay 
INTRODUCTION
L ik e  m o s t  members o f  th e  fa m ily  S c ia e n id a e ,  A t l a n t i c  c ro a k e r  
(M icropoeonias  u n d u la tu s )  eggs  and p r e f l e x i o n  l a r v a e  a r e  b o u y a n t  and 
o c c u r  in  t h e  s u r f a c e  w a te rs  (Lewis and Judy 1983). L ab o ra to ry  spawning 
and h a tc h in g  in d i c a t e  t h a t  th e s e  eggs p ro b a b ly  h a tc h  w i th in  3 6 -4 8  h o u r s  
a t  22°C ( J .  Govoni, NMFS/SEFC/Beaufort Lab p e r s .  comm.). Very l i t t l e  i s  
known, however, a b o u t  t h e  m o rp h o lo g y ,  a b u n d a n c e ,  o r  d i s t r i b u t i o n  o f  
c r o a k e r  e g g s .  I n  f a c t ,  t h e  p o s i t i v e  i d e n t i f i c a t i o n  o f  f i e l d  samples 
rem ains  u n c e r t a in  (L ippson and Moran 1974).
The le n g th  o f  th e  p e l a g ic  l a r v a l  p e r io d  i s  n o t  docum ented. I f  
i t  i s  s i m i l a r  to  s p o t  ( Leiostomus x a n th u ru s ) .  th e n  i t  i s  w i t h i n  a 3 0 -6 0  
d ay s  r a n g e  a t  22°C ( J .  Govoni, p e r s .  comm.). C roaker l a r v a e  (y o lk - s a c  
th ro u g h  p o s t - l a r v a e )  2-11 mm have been  r e p o r te d  from o b l iq u e  tows in  th e  
M i d - A t l a n t i c  B ig h t  (MAB) ( B e r r i e n ,  F a h a y ,  K e n d a l l  and S m ith  1978 ) .  
L a rv a l  and ju v e n i l e  c r o a k e r ,  3 -15 mm, have been  caugh t o f f  th e  bo ttom  o f  
B e a u f o r t  I n l e t ,  N o r th  C a r o l i n a  (H ild eb ran d  and C able 19 3 0 ) ,  1 .5 -1 5  mm 
c ro a k e r  have been t a k e n  a t  t h e  m outh  o f  t h e  C h e s a p e a k e  Bay ( P e a r s o n  
1941),  and c r o a k e r ,  9-10 mm, have been  found on th e  bo ttom  o f  York R iv e r  
a t  G lo u c e s te r  P o i n t ,  V i r g i n i a  (D . Haven/VIMS p e r s .  co m m .) .  A d a i l y




Warlen (1 9 8 0 ) .  Larvae p ro b a b ly  become d em ersa l d u r i n g  t h e  f l e x i o n  and  
p o s t - f l e x i o n  s t a g e s  ( L e w i s  and  J u d y  1 9 8 3 ) .  C o r r e l a t i o n  o f  t h i s  
assum ption  t o  r e c o rd s  o f  s i z e  and c a t c h  d e p th  in  th e  w a te r  column should  
a l l o w  an  e s t i m a t e  o f  t h e  s i z e  and a g e  a t  which th e  c ro a k e r  le a v e  t h e  
p e l a g ic  l i f e  s t a g e  and become d e m e r s a l .  No p e l a g i c  l a r v a e  h a v e  b e e n  
c a u g h t  in  o b l iq u e  tows w i th in  th e  Bay (O lney 1978) .  A c c o rd in g ly ,  i t  i s  
assumed t h a t  th e  la rv a e  a r e  dem ersa l b e f o r e  e n t e r in g  th e  C h esap ea k e  Bay 
and a r e  c a r r i e d  i n t o  th e  Bay and up th e  r i v e r s  in  th e  n e a r -b o t to m  s a l t  
wedge (P ea rso n  1929, W allace 1940, W e i n s t e i n ,  W e i s s ,  Hodson an d  G e r ry
1980) to  a r e a s  o f  low s a l i n i t y  (Haven 1957, W ein s te in  1979).
C o a s ta l  w a te r  movement a t  th e  mouth o f  t h e  Chesapeake Bay may 
a f f e c t  t h e  e n t r a i n m e n t  o f  p e l a g i c  c r o a k e r  i n t o  t h e  Bay and may a l t e r  
y e a r - c l a s s  s t r e n g t h  a s  a r e s u l t .  C o a s t a l  c i r c u l a t i o n  h a s  an  o f f s h o r e  
com ponent a t  t h e  s u r f a c e  and an onshore  component a t  th e  bottom  (Bumpus 
1973) (F ig u re  6 . 1 ) .  The a v e r a g e  w a t e r  co lum n t r a n s p o r t  in  t h e  lo w e r  
M i d - A t l a n t i c  B ig h t  i s  dom inated  by s o u th - s o u th w e s te r ly  c u r r e n t s  on th e  
o u t e r s h e l f  (B o ic o u r t  1980).  T h is  g e n e r a l  s o u th e r l y  f lo w  in  t h e  MAB i s  
n o t  d i r e c t l y  r e l a t e d  t o  t h e  s u r f a c e  w in d s  and d o e s n ' t  f i t  t h e  Ekman 
t r a n s p o r t  mechanism (R u zec k i ,  Welch, Usry and W allac e  1 9 7 6 ) .  H ow ever ,  
t h e  w i n d - d r iv e n  e f f e c t  in c r e a s e s  s i g n i f i c a n t l y  o v e r  th e  in n e r  s h e l f  and 
p a r t i c u l a r l y  t h e  s o u t h e r n  s e c t i o n  o f  t h e  MAB w h e r e  t h e  n e a r s h o r e  
s u b t i d a l  c u r r e n t  i s  d o m in a te d  b y  m e t e o r o l o g i c a l  f o r c i n g  ( B e a rd s le y ,  
B o ic o u r t  and Hansen 1976 ) .  A n e t  o n sho re  southw ard c u r r e n t  p red o m in a te s  
a t  t h e  b o t to m  t h r o u g h o u t  t h e  MAB e x c e p t  a t  t h e  C hesapeake Bay mouth 
which i s  m a in ly  onshore  (N o rc ro s s ,  Massman and Joseph  1962, Bumpus 1973) 
( F i g u r e  6 . 1 ) .  I n  th e  B igh t from V i r g in i a  to  N orth  C a ro l in a  th e  f low  i s  
s o u th w a rd  and i s  a f f e c t e d  by e s t u a r i n e  c i r c u l a t i o n  a n d  w i n d s ,  a s
F ig u re  6 .1
The a r e a  o f  s tu d y ,  M id -A tla n t ic  B ight from 39°N t o  35°N , 
w i t h  mean s u r f a c e  and b o t to m  f low  in d ic a te d  by arrows* 
O u t l in e  o f  a r e a  a t  th e  mouth o f  th e  Chesapeake Bay r e f e r s  
to  t h e  i n s e r t s .  Bottom c u r r e n t s  a re  i n t o  th e  Bay mouth 
w i th  calm , n o r t h e r l y  and s o u th e r ly  winds ( a f t e r  B o i c o u r t
1981).
BOTTOM <3=3 SURFACE
CALM OR NORTHERLY WINDS
SOUTHERLY WINDS
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ev idenced  in  s u r f a c e  t e m p e ra tu r e  and  s a l i n i t y  c o n t o u r s  (C h a s e  1 9 6 9 ) .  
Bottom flow  com pensates fo r  th e  o n s h o re -o f f s h o re  upper  Ekman l a y e r  f lo w .  
Average c u r r e n t s  in c re a s e  i n  v e l o c i t y  o f f s h o r e  and d e c re a s e  n e a r  bo ttom . 
The mean c u r r e n t  v e e r s  toward sh o re  w ith  in c r e a s in g  d e p th  ( B e a rd s le y ,  e t  
a l .  1 9 7 6 ) .  S u r f a c e  r u n o f f  may b e  e n h a n c in g  b o t to m  w a t e r  t r a n s p o r t  
s h o re w a rd  i n  r e s p o n s e  to  a  c o a s t a l  s lo p e  c u r r e n t .  T h is  tw o - la y e r  flow  
o f  th e  e s t u a r i n e  sa l t -w ed g e  t r a n s p o r t  s y s t e m  h a s  b e e n  d e m o n s t r a t e d  a t  
t h e  m ou th  o f  t h e  C h e s a p e a k e  Bay (H a r r i s o n ,  N o rc ro ss ,  S ta n le y  and P ore  
1967, Kuo, R uzecki and Fang 1975, Bumpus 1973, B o ico u r t  1981).
C roaker l a rv a e  in  th e  p e l a g i c  s t a g e  a r e  s u b j e c t  to  w in d -d r iv e n  
t r a n s p o r t  w hich can enhance o r  i n h i b i t  r e c r u i tm e n t  in to  C h esap eak e  B ay . 
Winds b low ing o f f s h o r e  a t  t h i s  t im e  could  cause  t r a n s p o r t  o f  l a r v a e  away 
from s u i t a b l e  e s t u a r i n e  n u r s e ry  g rounds (Cushing 1 9 7 5 ) .  D em ersa l  s t a g e  
l a rv a e  a t  th e  Bay mouth a r e  e n t r a in e d  in  t h e  s a l t -w e d g e  t r a n s p o r t  system  
and c a r r i e d  i n t o  t h e  C h e sa p e a k e  B ay. T h i s  s e q u e n c e  f ro m  s p a w n in g  
t h r o u g h  t h e  s u b s e q u e n t  t r a n s p o r t  o f  l a r v a e  i n t o  o r  away fro m  t h e  
Chesapeake Bay i s  s c h e m a t ic a l ly  d e p ic te d  in  F ig u re  6 . 2 .  As d i s c u s s e d  in  
C h a p t e r  4 . 2 ,  c r o a k e r  i s  a  s o u t h e r n  d e m e r s a l  s p e c i e s ,  r e q u i r i n g  warm 
w a t e r  t o  sp aw n .  The p l a n k t o n i c  l a r v a e  a r e  s u b j e c t  t o  t r a n s p o r t  
mechanisms w i th in  th e  w a te r  column u n t i l  th e y  become dem ersa l (Lewis and 
Judy 19 8 3 ) .  I f  l a rv a e  a re  n e a r  t h e  Bay mouth a t  t i m e  o f  d e s c e n t ,  t h e y  
a r e  e n t r a i n e d  by  t h e  i n w a r d - f l o w i n g  b o t to m  w a t e r s  and  s u c c e s s f u l l y  
r e c r u i t e d  as  j u v e n i l e s  to  th e  Chesapeake Bay. T h e r e f o r e ,  v a r i a t i o n s  i n  
t h e  s t r e n g t h ,  d u r a t i o n  an d  d i r e c t i o n  o f  w i n d - d r i v e n  t r a n s p o r t  
p o t e n t i a l l y  a f f e c t  c ro a k e r  y e a r - c l a s s  s t r e n g t h .
F ig u re  6 .2
Schem atic d iagram  o f  spaw ning, t r a n s p o r t  and r e c r u i t m e n t  
o f  l a r v a l / j u v e n i l e  c ro a k e rs  in  r e l a t i o n  to  Chesapeake Bay 
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Wind-Induced T ra n sp o r t
Wind s p e e d  ( k t s )  and d i r e c t i o n  (15°  i n t e r v a l e )  d a t a  from th e  
a i r p o r t  a t  N o rfo lk ,  V i rg in ia  were o b ta in e d  from  t h e  N a t i o n a l  C l i m a t i c  
D a t a  C e n t e r  (N CDC), A s h e v i l l e ,  N o r th  C a r o l i n a .  T h e s e  d a t a  w e re  
v a l i d a t e d  a s  a p p l i c a b l e  f o r  u s e  o f f s h o r e  b y  F .  G o d B h a l l  
(NOAA/NESDIS/MEAD p e r s .  comm.) as  d i s c u s s e d  in  C hap ter  4 . 1 .  A ccording 
t o  t h e s e  a n a l y s e s  (A p p e n d ic e s  4 . 1 . 1  and  4 . 1 . 2 ) ,  t h e  a n g l e  o f  t h e  
o f f s h o r e  w ind  i s  no g r e a t e r  t h a n  4 °  t o  t h e  r i g h t  o f  N orfo lk  wind and 
u s u a l l y  o f  t h e  same m agnitude  i n  A u g u s t ,  S e p te m b e r  and O c to b e r ,  when 
c r o a k e r  l a r v a e  a r e  p r e s e n t  i n  t h e  M id - A t l a n t i c  B ig h t .  Because th e s e  
d i f f e r e n c e s  were m in im al,  th e  wind d a ta  f ro m  N o r f o lk  a i r p o r t  w ere  n o t  
a d ju s te d  t o  approx im ate  o f f s h o r e  c o n d i t i o n s .
Winds were averaged  f o r  10-day tim e  p e r io d s  ( t h i r d s - o f - m o n t h )  
w h ic h  a p p r o x im a te d  t h e  l e n g t h  o f  a  s a m p l in g  c r u i s e  a c r o s s  t h e  Mid- 
A t l a n t i c  B i g h t .  S in c e  c o l l e c t i o n  t i m e s  v a r i e d ,  t im e  i n d i c e s  w e r e  
a s s i g n e d  a c c o rd in g  to  th o se  d e s ig n a te d  i n  C hap te r  4 .1  f o r  each  t h i r d  o f  
m o n th ,  b e g i n n i n g ,  m id d le  and  e n d ,  a s  f o l l o w s :  J u l y  -  1 ,  2 ,  3 , ;
A u g u s t  -  4 ,  5 ,  6 ;  S e p t e m b e r  -  7 ,  8 ,  9 ;  O c to b e r  -  1 0 ,  1 1 ,  1 2 ;  
November -  13 , 14, 15.
P re l im in a ry  a n a l y s i s  o f  n e u s to n ic  and d i s c r e e t  d e p th  (1 ,  3 ,  6 
m e te rs  and bo ttom ) p la n k to n  tows r e v e a le d  t h a t  c r o a k e r  l a r v a e  w ere  n o t  
n e u B t o n i c . T h e r e f o r e ,  i t  was n o t  a p p r o p r i a t e  t o  u s e  th e  compromise 
s u r f a c e  d r i f t  m odel, which assumes t r a n s p o r t  i s  15° t o  th e  r i g h t  o f  t h e  
wind d i r e c t i o n  and 3% o f  th e  wind speed (M urray, LeDuc and Ingham 19 8 3 ) .  
There  i s  n o t  an a n a l o g o u s  m ode l f o r  s u b s u r f a c e ,  a l t h o u g h  t h e r e  a r e
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t h e o r e t i c a l  fo rm ulas  (Ekman 1905, Neumann and P ie r s o n  1966).  To develop  
an a n a lo g u e ,  I  sought measurements o f  t h e  c u r r e n t  t o  com pare  w i t h  t h e  
N o rfo lk  w ind.
C u r re n t  m e te rs  were dep loyed  on a t r a n s e c t  o f f  t h e  t h e  m outh  
C h e s a p e a k e  Bay i n  J u l y  and August 1974, f o r  which 4 -h o u r ly  v e c to r s  a re  
p u b l i sh e d  (B e a rd s le y  and B o ico u r t  1 9 8 1 ) .  The m id-B helf  l o c a t io n  c l o s e s t  
t o  t h e  Bay m o u th ,  M ooring  408A (A p p e n d ix  6 .1  -  F i g u r e ) ,  moBt c l o s e l y  
approx im ated  th e  a r e a  o f  i n t e r e s t  f o r  l a r v a l  c r o a k e r  t r a n s p o r t .  The 
d e p t h  a t  M o o r in g  408A w as o n l y  18 m , t h u s  t h e  16 m r e a d i n g  was 
d i s r e g a rd e d  because  o f  th e  s t r o n g  in f lu e n c e  o f  bo ttom  topography  (Csandy 
1 9 8 1 a ) .  A n a l y s i s  o f  d i s c r e e t  d e p th  p la n k to n  tows (F ig u re  6 .3 )  showed 
th e  10 m re a d in g  to  be a p p r o p r ia te  f o r  l a r v a l  c r o a k e r  movement w i t h i n  
th e  w ate r  column.
The 23 J u ly  to  16 August 1974 t im e  frame employed by B ea rd s le y  
and  B o i c o u r t  (1 9 8 1 )  was used  as t e s t  d a t a .  C u rre n t  m eter v e c t o r s  were 
low -pass f i l t e r e d  to  remove t i d a l  and h i g h  f r e q u e n c y  co m p o n en ts  ab o v e  
0 . 7  c p d  ( F i g u r e  6 . 4 ) .  N o r f o lk  w ind  s t r e s s  v e c t o r s  w h ich  had  b e e n  
low -pass  f i l t e r e d  (B e a rd s le y  and B o ic o u r t  1981) w ere  com pared  t o  w ind 
s t r e s s  v e c t o r s  from th e  t e s t  d a t a  w hich had been  s u b je c te d  to  a  9 -p o in t  
(27 hour) e q u a l ly -w e ig h te d  m oving  a v e r a g e .  The raw  3 - h o u r l y  N o r f o lk  
a i r p o r t  wind d a t a  were th en  smoothed u s in g  a  9 -p o in t  (27 hour)  e q u a l ly -  
w eigh ted  moving a v e ra g e .  The m agn itudes  and a n g le s  o f  th e  sm oothed  raw  
w ind  v e c t o r s  w e re  compared to  th e  c u r r e n t  m eter  v e c to r s  to  i n f e r  w a te r  
movement from wind d a ta  (W. B o i c o u r t ,  UMCEES ( U n i v e r s i t y  o f  M ary la n d  
C en te r  f o r  E nvironm enta l E s tu a r in e  S tu d ie s ) /H o rn  P o in t  Lab p e r s .  comm.). 
W hile a lag  i n  th e  re sp o n se  o f  th e  w a te r  t o  t h e  w ind  i s  o b s e r v e d ,  t h e  
c u r r e n t  i s  m os t a c c u r a t e l y  a p p r o x im a te d  by w ind  d u r i n g  p e r i o d s  o f  
p ro longed  s t ro n g  winds from a  c o n s i s t e n t  d i r e c t i o n ,  as  seen ir. t h e  t e s t
1X1
F ig u re  6 .3
L e n g th / f r e q u e n c y  d i s t r i b u t i o n  o f  l a r v a l  c r o a k e r  t a k e n  
f ro m  d i s c r e e t  d ep th  ( s u r f a c e ,  1 n ,  3 n ,  6 i ,  and bottom ) 
p la n k to n  tows a t  t h e  C h e s a p e a k e  Bay m o u th ,  A u g u s t  and 
S e p te m b e r  1 9 8 0 .  P l a n k t o n  c o l l e c t i o n s  p ro v id e d  by th e  
D e p a r tm e n t  o f  O c e a n o g ra p h y ,  Old D om in ion  U n i v e r s i t y ,  
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F ig u re  6 .4
N o r f o l k  a i r p o r t ,  V i r g i n i a  t h r e e - h o u r l y  and  sm oothed  
w in d s ,  and c u r r e n t  m e te r  r e a d in g s  from Mooring 408A, n e a r  
t h e  C h e s a p e a k e  Bay m o u th ,  23 J u l y  -  16 A u g u s t  1 9 7 4 . 
C a lc u la te d  w a te r  movement was b ased  on com parison  o f  wind 
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d a t a  1-5  and 9-12 A ugust .  To e s t im a te  th e  w a te r  movement, th e  d i r e c t i o n  
was de te rm in ed  t o  be 20° to  t h e  r i g h t  o f  th e  smoothed wind d i r e c t i o n  and 
th e  movement e s t im a te d  to  b e  5% o f  t h e  sm oo thed  w ind  v e l o c i t y .  T h i s  
c a l c u l a t e d  w a te r  movement i s  shown a t  t h e  bo ttom  o f  F ig u re  6 . 4 .  I t  was 
c o n s id e re d  to  p ro v id e  a  r e a s o n a b le  e s t im a te  o f  observed  w a te r  m ovem ent.  
W a te r  movement was com pu ted  f o r  f a l l  w inds  and p l o t t e d  to  s c a l e  on a 
Prim e 850 com puter .
D i s t r i b u t i o n  and T ra n sp o r t  o f  L a rv a l  C roaker
A n a ly s e s  o f  l a r v a l  d i s t r i b u t i o n  a r e  b a s e d  on d a t a  f r o m
i c h t h y o p l a n k t o n  s u r v e y s  c o n d u c t e d  by  t h e  N a t i o n a l  M a r in e  F i s h e r i e s
S e rv ic e  (NMFS) in  th e  M id -A t la n t ic  B ight and p ro v id e d  by  t h e  N o r t h e a s t
F i s h e r i e s  C e n te r  (NEFC)/Sandy Hook l a b o r a t o r y .  The sample a r e a ,  methods
and t r e a tm e n ts  have been  d e s c r ib e d  f o r  th e  M arine R esources M o n i t o r i n g ,
A s s e s s m e n t ,  and  P r e d i c t i o n  (MARMAP) c r u i s e s  (S m ith ,  W ells and McMillan
1979, B e r r i e n ,  N ap lin  and Penn ing ton  1981).  A d e t a i l e d  d e s c r i p t i o n  o f
th e  MARMAP bongo sam plers  used  on th e  1973-81 c r u i s e s  i s  g iv e n  by Posgay
and Marak ( 1 9 8 0 ) .  D a ta  o b t a i n e d  from  t h e  Sandy Hook Lab h a d  b e e n
2
r e c o r d e d  a s  number p e r  s ta n d a rd  30 m inu te  tow , number p e r  10 m s u r f a c e
3
a r e a ,  o r  number p e r  1000 m . ( P .  B e r r i e n ,  NMFS/Sandy Hook Lab p e r s .
comm.). S in c e  c ro a k e r  l a rv a e  a r e  n o t  assumed to  be con fined  to  a narrow
d e p t h  s t r a t u m  ( J u d k i n ,  W i r i c k  and E s a i s  1 9 8 0 ) ,  l a r v a l  d e n s i t i e s  
3( # /1 0 0 0  m ) w ere  c a l c u l a t e d  by  d iv id in g  th e  number p e r  o b l iq u e  tow by 
w a te r  volume f i l t e r e d  and m u l t ip ly in g  by 1000.
A d u lt  abundance, d i s t r i b u t i o n  and bo ttom  te m p era tu re  d a ta  from 
MARMAP t r a w l  s u r v e y s  ( 1 9 7 1 ,  1 9 7 3 -8 1 )  w e re  o b t a i n e d .  MARMAP c r u i s e  
l i s t i n g ,  sam pling  methods and g e a r ,  su rvey  d e s ig n  and d a ta  h a n d l in g  a re
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d e s c r ib e d  by  G ro s s le in  (1969a , 1969b), C la rk  (1979) and F leB cher  (1 9 8 0 ) .  
T h e  d a t a  w e r e  p r o v i d e d  c o u r t e s y  o f  NM FS/NEFC/Resource A s s e s s m e n t  
D iv i s io n .  A d u lt  abundances a r e  p r e s e n te d  a s  number caugh t p e r  s t a n d a r d  
30 m in u te  tow .
M ost, b u t  n o t  a l l ,  c r u i s e s  sam p led  a t  l e a s t  a s  f a r  n o r t h  as  
39°N and as  f a r  so u th  as  35°N. To make a l l  sample lo c a t io n s  e q u a l ,  on ly  
d a t a  betw een 35°N and 39°N l a t i t u d e ,  w est o f  th e  200 m i s o b a t h  and  e a s t  
o f  t h e  sm oo thed  c o a s t l i n e  w ere  c o n s id e re d  (F ig u re  6 . 1 ) .  C ontours  f o r  
v a lu e s  of. >0, 50, 100, 500, 1000 and 5000 l a r v a e  (# /1 0 0 0 m ^ )  and  a d u l t  
(# / to w )  c ro a k e r  were d e te rm in e d .
P la n k to n  samples from 21 s t a t i o n s  a t  th e  Chesapeake Bay m outh  
(A p p e n d ix  6 .2  -  F ig u re )  were taken  a t  2 week i n t e r v a l s ,  13 August to  28 
Septenfcer 1980, and p r o v i d e d  by  t h e  D e p a r tm e n t  o f  O c e a n o g ra p h y ,  Old 
D o m in i o n  U n i v e r s i t y ,  N o r f o l k ,  V i r g i n i a .  The s a m p le s  c o n s i s t e d  o f  
n e u s t o n ,  1 , 3  an d  6 m e t e r ,  a n d  e p i b e n t h i c  c o l l e c t i o n s .  G e a r  
e f f i c i e n c i e s  were c a l c u l a t e d  to  b e :  n e u s to n  n e t  -  100%, 12 inch  C la rk -
Bumpus O pening-C losing  P la n k to n  Sampler -  85%, and e p ib e n th ic  s l e d  -  65% 
( J .  M cConougha, ODU p e r  s .  com m .). A d e t a i l e d  d e s c r i p t i o n  o f  sam pling 
and p r e s e r v in g  p rocedu res  and development o f  g e a r  i s  p ro v id e d  by Johnson 
( 1 9 8 2 ) .  A l l  c r o a k e r  l a r v a e  w ere m e a s u re d  to  th e  n e a r e s t  0 .01 mm b u t  
grouped in  0 .0 5  mm increm en ts  fo r  a n a l y s i s .  S in c e  t h e  p u r p o s e  was to  
a n a l y z e  v e r t i c a l  d i s t r i b u t i o n ,  as  opposed to  h o r i z o n t a l  d i s t r i b u t i o n ,  
a l l  s t a t i o n  d a t a  were combined by d e p t h .  T he  r e s u l t i n g  t o t a l  numberB 
were th en  a d ju s te d  f o r  g ea r  e f f i c i e n c y .
D esc r ib ed  l a r v a l  c ro a k e r  specim ens a re  1 ,7 -1 0 .5  mm ( F r u g e  and 
T ru e s d a le  1978) w ith  no in fo rm a tio n  known ab o u t  y o lk - s a c  l a r v a e  (Johnson  
19 7 8 ) .  The te rm  " la r v a e "  i s  used in  t h i s  s tu d y  to  mean l a r v a l  and p o s t -
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l a r v a l  c r o a k e r  caugh t w i th  p la n k to n  sam pling g e a r ,  u s u a l l y  in  t h i s  s i z e  
r a n g e ,  b u t  o c c a s io n a l ly  r e p o r te d  a s  l a r g e r  th a n  10 .0  mm. Croaker l a rv a e  
w ere  i d e n t i f i e d  u s i n g  H ild eb ran d  and Schroeder  (1 9 2 8 ) ,  S c o t to n ,  Sm ith , 
Sm ith , P r i c e  and de Sylva (1 9 7 3 ) ,  Fruge and  T r u e s d a l e  ( 1 9 7 8 ) ,  J o h n s o n  
( 1 9 7 8 ) ,  and P o w les  and S t e n d e r  ( 1 9 7 8 ) .  A r e f e r e n c e  c o l l e c t i o n  o f  
l a b o r a to r y  spawned specimens was p ro v id ed  by  V. H e t t l e r  (N M FS /Southeas t 
F i s h e r i e s  C e n t e r  ( S E F C ) /B e a u fo r t  L a b ) .  Q u es t io n ab le  l a rv a e  were s e n t  
f o r  v e r i f i c a t i o n  t o  J .  G ovon i and  W. H e t t l e r  (N M F S /B eau fo rt  L a b )  ,
P .  B e r r i e n  (NMFS/Sandy Hook L ab ) ,  and B. S ten d e r  (S ou th  C a ro l in a  M arine 
R esources  R esea rch  C e n t e r  (S C M R R C ) /C h a r le s to n ,S .C . )  (A p p e n d ix  6 .3  -  
T a b l e ) .  T h o se  l a r v a e  w h ich  c o u l d  n o t  b e  p o s i t i v e l y  i d e n t i f i e d  a s  
Micro p o eo n ia s  u n d u la tu s  were d i s c a r d e d .
S m a l l  c r o a k e r  were c a p tu re d  in s id e  th e  Chesapeake Bay in  th e  
f a l l  by  th e  VIMS t r a w l  s u r v e y s .  T hose  c r o a k e r  c a u g h t  w i t h i n  t h e  Bay 
w i t h  n o n - p l a n k t o n  g e a r  a r e  r e f e r r e d  t o  a s  j u v e n i l e s .  Only d a ta  from 
1971 onward were u sed  f o r  t r a n s p o r t  a n a l y s i s ,  beca u se  t h a t  i s  when m ost 
c o l l e c t i o n s  em ployed  a  l i n e d  t r a w l .  The u n l in e d  t r a w l ,  d is c u s s e d  in  
C hap te r  5 ,  u n d e re s t im a te s  f a l l  c o l l e c t i o n s  o f  newly r e c r u i t e d  c r o a k e r .
The S ep tem ber  th ro u g h  December 1974-78 c o l l e c t i o n s  were p a r t  
o f  th e  su p p lem en ta l  d a t a  from VIMS C ru s tace o lo g y  D epartm ent s u r v e y s  f o r  
j u v e n i l e  b l u e  c r a b s .  These c o l l e c t i o n s  p r im a r i ly  used  u n l in e d  30 fo o t  
t r a w ls  w i th  an o c c a s io n a l  l i n e d  16 fo o t  t r a w l .  T here  a re  no com parisons 
o f  l i n e d  and u n l in e d  30 fo o t  t r a w l s ,  bu t b o th  a r e  compared to  a l i n e d  16 
f o o t  t r a w l .
U nlined 16 and 30 fo o t  t r a w ls  appear t o  be  abou t as  e f f i c i e n t  
a s  l i n e d  16 f o o t  t r a w ls  (T ab le  5 . 2 ) .  T h is  may be d e c e p t i v e  b e c a u s e  i t  
m eans t h a t  t h e  l i n e d  16 f o o t  t r a w l  i s  e f f e c t i v e  fo r  s m a l le r  f i s h ,  bu t
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th e  abundance i s  too low, w h ile  th e  u n l in e d  30 f o o t  t r a w l  i s  e f f e c t i v e  
f o r  l a r g e r  f i s h  b u t  th e  abundance shou ld  b e  h i g h e r .  Comparisons betw een 
l i n e d  16 fo o t  and l in e d  30 fo o t  t r a w ls  in  1975, 1976, and 1977 show t h e  
c a t c h  r a t e  o f  30 fo o t  t r a w ls  t o  be between 1 /2  and 5 t im es  t h a t  o f  l i n e d  
16 f o o t  t r a w l s .  Because o f  th e  d i s c r e p a n c ie s  in  t h e s e  r e s u l t s ,  i t  was 
s u b j e c t i v e l y  assumed ( s i n c e  th e  opening o f  th e  a  l i n e d  30 f o o t  t r a w l  i s  
tw ic e  t h a t  o f  th e  16 fo o t  t r a w l ) ,  t h a t  th e  l a r g e r  t r a w l  would g e n e r a l l y  
c a t c h  t w i c e  aB many f i s h .  The l i n e d  30 f o o t  t r a w l  was a s s i g n e d  an 
c a t c h a b i l i t y  o f  tw ic e  t h a t  o f  16 fo o t  t r a w ls  and u n l in e d  30 fo o t  t r a w l s .
ThiB c a t c h a b i l i t y  f a c t o r  was a p p l ie d  to  f a l l  j u v e n i l e  m onth ly  
c o l l e c t i o n s  t o  a d j u s t  t h e  m o n th ly  in d e x  i-n an  u pw ard
d i r e c t i o n  and make t h e  e l e v e n  y e a r s  m ore  com parab le .  S in ce  l i n e d  30 
f o o t  t r a w ls  were no t  used  in  th e  f a l l  o f  t h e  y e a r  1 9 7 1 - 7 8 ,  S e p te m b e r -  
December in d i c e s  f o r  th o s e  y e a rs  were d o u b le d ,  ex ce p t f o r  December 1978. 
December 1978 and September-December 1979 were e q u a t e d  w i t h  1 9 8 0 ,  1981 
and  1 9 8 2 ,  in  which 100% o f  th e  c o l l e c t i o n s  were made w i th  l i n e d  30 fo o t  
t r a w ls  ( s e e  N orcross  and Shaw 1983). These d a ta  a d j u s t m e n t s  w e re  made 
as  fo l lo w s :
100% Tows = %30' + %0G
JM0» -  (230 '  *  W  + (20G * W
JADJ -  « 3° '  *  JM0»> * 2(2013 *  JM0N)
w here :
%30' = % Tows w i th  l i n e d  30 f o o t  t r a w ls
%0G ■= % Tows w i th  g ea r  o th e r  th a n  30 f o o t  l i n e d  t r a w ls
*^ M0N = J u v e n i l e  Monthly Index
J^Dj = A djus ted  J u v e n i l e  Monthly Index
A d jus ted  m onthly  in d ic e s  and averages  a r e  shown in  T ab le  6 . 1 .
117
TABLE 6 .1
M onthly J u v e n i l e  Croaker I n d ic e s  ( J moN^
Year Sep Oct Nov Dec Sep-Dee Oct-Dec
71 0 .30 4 .7 2 37.58 94.68 34.32 45.66
72 9.20 16.06 45 .42* 37.60 27.07 33.03
73 45 .26 166.64* 10.56 4 .00 56.62 60 .40
74 - 20.82* 19.36 - 15.59 15.59
75 2.52 - 212.24* - 107.38 212.24
76 5.76 200.06 347.70* - 184.51 273.88
77 - 38.62 212.00* - 125.31 125.31
78 23.42 37.34 174.16 201.12* 109.01 137.54
79 3.62 17.14 54.21 72.12* ’ 36.78 47 .82
80 1.41 8.46 137.38* 66.20 53.63 70.68
81 0.00 7.49 79.26* 29.40 29.04 38.72
* = J MAX
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RESULTS
V e c to r  a d d i t i o n s  o f  com pu ted  w a t e r  movement o v e r  1 0 - d a y  
p e r i o d s ,  J u l y  t o  D ecem ber ,  r e v e a l e d  t h a t  J u l y ,  November, and December 
h av e  a lm o s t  no o n s h o r e  t r a n s p o r t .  T h e r e f o r e ,  t h e  t i m e  s p a n  f r o m  
1 A u g u s t  th r o u g h  10 November was e v a lu a te d  f o r  each y e a r .  The tim e  o f  
b e s t  onshore  t r a n s p o r t  v a r i e d  y ea r  to  y e a r ,  and  w h i l e  in  p r o x i m i t y  t o  
th e  t im e  o f  th e  wind c e s s a t i o n  ( a s  d is c u s s e d  in  C hapter A), t h e r e  was no 
p r e d i c t a b l e  p a t t e r n .  Thus, a n a l y s i s  o f  a  s ta n d a rd  tim e subsample w i th in  
a un ifo rm  tim e  frame every  y e a r  would be b ia s e d  toward th o se  y e a r s  which 
were " a v e ra g e " .
S in c e ,  th e  maximum le n g th  o f  co n t in u o u s  onshore t r a n s p o r t  was 
about 40 d a y s ,  t h i s  t im e le n g th  was chosen f o r  a n a l y s i s .  Each y e a r  was 
i n v e s t i g a t e d  a n d  t h e  " b e s t "  4 0 - d a y  t im e  f r a m e ,  i n  t h i r d - o f - m o n t h  
in c re m e n ts ,  was u s e d .  To d e te rm in e  what was " b e s t " ,  40-day v e c t o r s  f o r  
t im e  s p a n s  o f  4 c o n t i n u o u s  t h i r d - o f - m o n t h  in c r e m e n t s  were computed. 
C r i t e r i a  c o n s id e re d  f o r  " b e s t "  t r a n s p o r t  were: 1) d i r e c t i o n ,  i . e . ,  most
o n s h o r e ;  2) s p e e d ,  i . e .  h ig h e r  i s  b e t t e r ;  and 3) tim e r e l a t i v e  to  wind 
c e s s a t i o n ,  i . e . ,  t r a n s p o r t  a f t e r  c e s s a t i o n  i s  b e t t e r  t h a n  b e f o r e  
c e s s a t i o n .  The r e s u l t  was one com posite  40-day  v e c to r  p e r  y e a r ,  w i th  
known d i r e c t i o n ,  magnitude and tim e f ra m e .  Not a l l  y e a r s  showed good 
t r a n s p o r t  f o r  t h e  same l e n g t h  o f  t i m e .  T h e r e f o r e ,  th e  a n a l y s i s  was 
w eighted  more h e a v i ly  f o r  th o s e  y e a rs  w i th  a lo n g e r  p e r io d  o f  f a v o r a b l e  
t r a n s p o r t
In s te a d  o f  u s in g  a b s o lu te  d i r e c t i o n  and  s p e e d ,  an  in d e x  was 
a s s i g n e d  t o  each v a l u e .  D i r e c t l y  onsho re  t r a n s p o r t ,  i . e . ,  270° +5° was 
c o n s id e re d  th e  b e s t  d i r e c t i o n  and g iv e n  a  v a l u e  (D) o f  1 0 .  D e v i a t i o n
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from  2 7 0 ° ,  i n  +5° i n c r e m e n t s ,  was a ss ig n ed  a d e c r e a s i n g ly  lo v e r  v a lu e  
(D) i . e . ,  + 6°-  10°*= 9 th rough  +41°- 4 5 °°  2 ,  w i t h  +>. 46°*= 1 .  V e l o c i t y  
(n tn i /4 0  d a y s )  was s i m i l a r l y  e v a lu a te d  and a s s ig n e d  an index v a lu e  ( S ) .  
However, a s  wind v e l o c i t y  was no t  as  im p o rtan t  as  d i r e c t i o n ,  i t s  v a l u e s  
w ere  som ew hat lo w e r :  0 -4 9  = 1 ,  50-90  B 2 ,  100-149 = 3 ,  150-199 °  4 ,
200-249 = 5 and >. 250 nmi/40 day = 6 .  The o n l y  m e th o d  a v a i l a b l e  f o r  
e v a l u a t i n g  sp aw n in g  tim e was th e  tim e o f  th e  summer wind c e s s a t i o n ,  as 
d is c u s s e d  in  C hapter  4 .  The tim e index f o r  th e  c e s s a t i o n  o f  t h e  summer 
w inds  was s u b t r a c t e d  from th e  tim e index f o r  th e  s t a r t  o f  th e  b e e t  40- 
day t r a n s p o r t  p e r i o d .  The r e s u l t  was a t im e la g  v a lu e  (T ) .
T h e s e  t h r e e  p a r a m e t e r s  o f  t h e  w ind  w e re  c o n v e r t e d  in to  a
s in g le  wind t r a n s p o r t  index (WINDEX=W).
W *= D + S -  T
w here :
W *= wind t r a n s p o r t  index (WIHDEX)
D = d i r e c t i o n  index  
S = speed index 
T B tim e lag
The r e s u l t s  o f  t h i s  a n a l y s i s  f o r  1971-81 a re  shown in  T ab le  6 . 2 .
The d i s c r e t e  d e p th  p l a n k t o n  tow s c o n f i r m e d  t h e  p r e l i m i n a r y
a n a l y s i s  t h a t  c ro a k e r  la rv a e  a re  p e la g ic  though  n o t  n e u s to n i c .  D escent 
o f  c ro a k e r  l a r v a e  in  th e  w a te r  column does n o t  appear t o  be  t r i g g e r e d  a t  
a s p e c i f i c  s i z e ,  l a r v a l  s i z e  and abundance g e n e r a l l y  i n c r e a s e  w i th  dep th  
(F ig u re  6 . 3 ) .  T h is  v e r t i c a l  d i s t r i b u t i o n  a g r e e s  w i t h  t h e  c a l c u l a t e d  
w ater  movement a t  10 m.
The abundance o f  c ro ak e r  l a r v a e  i n c r e a s e d  d r a m a t i c a l l y  from  
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28 September (n= 1412) . The c e s s a t i o n  o f  th e  summer wind was a t  t h e  end 
o f  S e p te m b e r  i n  1 9 8 0 ,  th e  c o l l e c t i o n  t im e  o f  h ig h e s t  abundance in  t h i s  
s tu d y .  T h is  s u p p o r ts  th e  e s t im a t io n  o f  spawning tim e  based  on c e s s a t i o n  
o f  summer w in d s ,  a s  d i s c u s s e d  in  C hap te r  4 . 2 .  I t  i s  u n f o r tu n a t e  t h a t  
l a r v a l  c o l l e c t i o n s  w ere  n o t  a v a i l a b l e  f o r  l a t e r  d a t e s  t o  a l l o w  
e s ta b l i s h m e n t  o f  peak spawning and t r a n s p o r t  t im e .
D i s t r i b u t i o n s  o f  a d u l t  and l a r v a l  c ro a k e r  on th e  s h e l f  i n  t h e  
f a l l  a r e  shown i n  F ig u r e s  6 .5  th ro u g h  6 .1 3 .  A lso shown a r e  th e  10-day 
moving av e rag e  v e c to r s  f o r  August th ro u g h  November as  w e l l  a s  th e  40-day  
c o m p o s i t e  " b e s t "  t r a n s p o r t  v e c t o r .  Q u a l i t a t i v e l y ,  th e  d i s t r i b u t i o n  o f  
l a r v a e  on th e  s h e l f  ap p ea rs  t o  be r e l a t e d  to  th e  d i s t r i b u t i o n  o f  a d u l t s  
and wind v e c t o r s  (F ig u re s  6 .5  -  6 . 1 3 ) .  T h is  co n cep t i s  su p p o r ted  by th e  
f a l l  j u v e n i l e  in d ic e s  (T ab le  6 . 1 ) .
Q u a n t i f i c a t io n  o f  t h i s  w in d /c ro a k e r  l i n k  r e q u i r e d  i d e n t i f i c a t i o n  o f  
key  p a ra m e te rs  o f  w a te r  t r a n s p o r t ,  i . e .  wind d i r e c t i o n ,  s p e e d ,  d u r a t i o n  
and  t i m i n g .  Each p a r a m e t e r  was e v a l u a t e d  f o r  r e l a t i v e  im p o r ta n c e .  
E xam ination  o f  th e  j u v e n i l e  i n d i c e s  r e v e a l e d  t h e  v a l u e  o f  t h e
l a r g e s t  i n d e x  S e p te m b e r  t h r o u g h  D ecem b er ,  t o  b e  t h e  m o s t
r e l i a b l e  i n d i c a t o r  o f  t r a n s p o r t  s u c c e s s .  *-8 m ore a c c u r a t e  t h a n
average  September-Deeember o r  October-December index  because  th e  av e rag e  
v a lu e s  may be u n d e re s t im a te d  when th e  t im e o f  spawning o r  b e s t  t r a n s p o r t  
i s  l a t e ,  o r  when t h e  c o l l e c t i o n  was e a r l y  in  th e  month. In  such y e a rs  
i t  would be a p p r o p r ia te  to  in c o rp o r a te  t h e  w i n t e r  m on th  v a l u e s .  T h i s  
w ou ld  n o t  be  an  a c c e p t a b l e  p a ram e te r  f o r  a l l  y e a r s  however, b e ca u se  o f  
th e  n e g a t iv e  e f f e c t  o f  w in te r  te m p e ra tu re s  on j u v e n i l e  c ro a k e r  s u r v i v a l  
(C h a p te r  7 ) .  The accu racy  o f  i s  unknown in  y e a r s  such as  1975 when
c o l l e c t i o n s  were n o t  made e v e ry  month.
F ig u re  6 .5
S im ultaneous d i s t r i b u t i o n  o f  number o f  a d u l t ,  number o f  
l a r v a e ,  and  l a r v a l  l e n g t h s  f o r  1 9 7 3 .  Ten d a y  moving 
av e ra g e  w a te r  v e c to r s  a r e  p l o t t e d  t o  t h e  same s c a l e  as  
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t"  40-day v e c to r  i s  shown 
in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer wind.
LARVAE (#/IOOOms) LARVAL LENGTH (mm)
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F ig u re  6 .6
S e q u e n t i a l  d i s t r i b u t i o n  o f  num ber o f  l a r v a e ,  l a r v a l  
le n g th s  and number o f  a d u l t s  f o r  1 9 7 4 .  Ten day  m oving 
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a l e  as  
th e  d i s t r i b u t i o n  c h a r t s .  "B es t"  4 0 -d a y  v e c t o r  i s  shown 
in  b o l d ,  above  t i m e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
LARVAE (#/IOOOm5) LA R V A L LENGTH (mm) A D U L T S  (-#-/tow)
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F ig u re  6 .7
S im ultaneous d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  a n d  l a r v a l  l e n g t h s  f o r  1 9 7 5 .  Ten d ay  m oving 
av e rag e  w a te r  v e c t o r s  a r e  p l o t t e d  t o  t h e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t"  40 -day  v e c t o r  i s  shown 
in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
LARVAE (# /1 0 0 0 rn ) LARVAL LEN G TH  (mm)
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F ig u re  6 .8
S im u l ta n e o u s  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  and  l a r v a l  l e n g t h s  f o r  1 9 7 6 .  Ten d a y  m o v in g  
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a l e  as  
th e  d i s t r i b u t i o n  c h a r t s .  "B es t"  4 0 -d a y  v e c t o r  i s  shown 
i n  b o l d ,  above  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  tim e o f  
c e s s a t i o n  o f  th e  summer w ind .
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F ig u re  6 .9
S e q u e n t ia l  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  num ber o f  
l a r v a e  a n d  l a r v a l  l e n g t h s  f o r  1 9 7 7 .  Ten d a y  m oving 
average  v a t e r  v e c t o r s  a r e  p l o t t e d  to  t h e  same s c a l e  a s  
t h e  d i s t r i b u t i o n  c h a r t s .  "B est"  40-day  v e c to r  i s  shown 
in  b o ld ,  above t i m e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
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F ig u re  6 .10
S e q u e n t i a l  d i s t r i b u t i o n  o f  num ber o f  l a r v a e , l a r v a l  
le n g th s  and number o f  a d u l t s  f o r  1 9 7 8 .  Ten d ay  m oving 
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a l e  as 
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t"  4 0 -d a y  v e c t o r  i s  shown 
in  b o l d ,  ab o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  tim e o f  
c e s s a t i o n  o f  th e  summer w ind .





F ig u re  6 .11
S e q u e n t ia l  d i s t r i b u t i o n  o f  num ber o f  a d u l t s ,  num ber o f  
l a r v a e  an d  l a r v a l  l e n g t h s  f o r  1 9 7 9 .  Ten d a y  moving 
ave rage  w a te r  v e c t o r s  a r e  p l o t t e d  to  t h e  same s c a l e  aB 
t h e  d i s t r i b u t i o n  c h a r t s .  "B es t"  40-day v e c to r  i s  shown 
in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind.
A D U L T S (# /to w )  LARVAE (#/lOOOm3) LARVAL LEN G TH  (mm)































F ig u re  6 .1 2
S e q u e n t i a l  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  number o f  
l a r v a e  and l a r v a l  l e n g t h s  f o r  1 9 8 0 .  T h i s  i s  t h e  o n ly  
y e a r  in  w hich two l a r v a l  c o l l e c t i o n s  were a v a i l a b l e .  Ten 
day moving average  w a te r  v e c to r s  a re  p l o t t e d  t o  t h e  same 
s c a l e  a s  t h e  d i s t r i b u t i o n  c h a r t s .  " B e s t11 40-day  v e c to r  
i s  shown in  b o ld ,  above t im e  l i n e .  T r i a n g l e  i n d i c a t e s  
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F ig u re  6 .13
S im u l ta n e o u s  d i s t r i b u t i o n  o f  number o f  a d u l t s ,  nunber o f  
l a r v a e  and l a r v a l  l e n g t h s  f o r  1 9 8 1 .  Ten d a y  m o v in g  
a v e r a g e  w a t e r  v e c t o r s  a r e  p l o t t e d  to  th e  same s c a l e  as 
th e  d i s t r i b u t i o n  c h a r t s .  "B es t"  4 0 -d a y  v e c t o r  i s  shown 
i n  b o l d ,  a b o v e  t im e  l i n e .  T r i a n g l e  i n d i c a t e s  tim e o f  
c e s s a t i o n  o f  th e  summer w ind.
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The maximum f a l l  j u v e n i l e  index  waB c o r r e l a t e d  w ith  th e
2wind t r a n s p o r t  index (W). The r e s u l t i n g  c o r r e l a t i o n  (R = 0 . 6 2 ,  n Bl l )  
c o n f i r m s  t h e  h y p o t h e s i s  t h a t  t h e r e  i s  in c re a s e d  abundance o f  j u v e n i l e  
c ro a k e r  in s id e  th e  Bay when good wind d r iv e n  t r a n s p o r t  o c c u r s ,  and low 
a b u n d a n c e  w ith  poor t r a n s p o r t  (F ig u re  6 . 1 4 ) .  T h is  cu rve  i s  r e p r e s e n te d  
a s :  18.11 + (3.90*W) + (0.86*W2) .
DISCUSSION
Wind-Induced T ra n sp o r t  o f  L a rv a l  Croaker
C i r c u l a t i o n  in  th e  M id -A tla n t ic  B ight i s  s t r o n g ly  a f f e c t e d  by 
lo c a l  wind f o r c in g ,  d u r a t io n  o f  a lo n g sh o re  w inds ,  n o n - lo c a l ly  g e n e r a t e d  
a l o n g s h o r e  b a r o c l i n i c  e f f e c t s ,  w a te r  d e n s i t y ,  s t r a t i f i c a t i o n  and 
(C h u a n g ,  Wang and  B o i c o u r t  1 9 7 9 ) .  S u r f a c e  c i r c u l a t i o n  m o d e l s  
in c o rp o r a te  n o t  on ly  th e  e f f e c t  o f  c l a s s i c a l  w in d -d r iv e n  Ekman c u r r e n t s ,  
bu t  a l s o  t i d a l  c u r r e n t s ,  b a r o c l i n i c  c u r r e n t s  ( B is h o p  1 9 80b , Bush and 
K upperman 1 9 8 0 ) ,  and S to k e s  d r i f t  d e r i v e d  f ro m  s u r f a c e  wave m otion 
(Haung 1979, K irwan, McNally, Pazan and Wert 1979).  However, m o d e l l i n g  
t h e  c i r c u l a t i o n  o f  th e  M id -A tla n t ic  B ight a l s o  r e q u i r e s  a 3 -d im en s io n a l  
p e r s p e c t iv e  in  a d d i t io n  to  tim e dependency and d e n s i t y  s t r a t i f i c a t i o n  
(Chuang e t  a l .  1979).
Wind s t r e s s  i s  a s i g n i f i c a n t  component in  d e te rm in in g  th e  f low  
in  th e  M id -A tla n t ic  B ight (B ishop 1980b). The e f f e c t  i s  g r e a t e s t  on th e  
i n n e r s h e l f  w i th in  30 km o f  s h o re ,  s u p p o r t in g  th e  b o u n d a ry  l a y e r  t h e o r y  
o f  s h e l f  c i r c u l a t i o n  (C sandy  1 9 8 1 b ) .  T h e re  i s  a s t r o n g  c o r r e l a t i o n  
between wind s t r e s s  and c u r r e n t  m e te r  r e a d in g s  a t  dep th  in  t h i s  r e g i o n ,  
w i t h  t h e  c o r r e l a t i o n  b e in g  b e s t  i n  t h e  a l o n g s h e l f  d i r e c t i o n  (H u n te r ,
F ig u re  6 .1 4
Maximum f a l l  in d e x  ( "^ MAX^  r e SresBe<* a g a i n s t  t h e  wind
t r a n s p o r t  i n d e x  ( W I N D E X )  :
J MAX = 18> 11  + ( 3 .9 0 * W )  ( 0 .8 6 * W 2 ) .  The r e s u l t i n g
e q u a t io n  and curve r e p r e s e n t  th e  e x t e n t  to  w hich c r o a k e r  ■
r e c r u i t m e n t  to  th e  Chesapeake Bay i s  de te rm ined  by  wind-
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B o i c o u r t  and  H ack e r  1 9 7 7 ) .  The s y n o p t i c  s c a l e  a l o n g s h e l f  c u r r e n t  
f l u c t u a t i o n s  a r e  g e n e r a l ly  c o h e re n t  w i th  t h e  a lo n g s h e l f  wind s t r e s s ,  up 
to  235 km. The w eak e r  c r o s s - s h e l f  c u r r e n t  com ponen t h a s  a  s m a l le r  
a lo n g s h e l f  coherence  o f  50 km or l e s s  b u t  i s  c o h e re n t  i n  th e  c r o s s - B h e l f  
p la n e  (B e a rd s le y  and B o ico u r t  1981).
The in n e r  MAB s h e l f ,  away f ro m  t h e  m outh  o f  e s t u a r i e s ,  i s  
dom inated by wind fo r c in g  (B e a rd s le y  and B o ico u r t  1981).  This  mean flow 
from Cape Cod t o  Cape H a t t e r a s  d e c r e a s e s  between th e  s h e l f  b re a k  and th e  
c o a s t .  B e c a u se  t h e  i n n e r s h e l f  i s  Bhallow, t h i s  a re a  i s  p rone  t o  wind 
fo r c in g  (B o ic o u r t  1 9 8 1 ) .  C u r r e n t  m e te r  d a t a  show t h a t  o f f s h o r e  t h e  
w in d -d r iv e n  m otion  i s  a  m o d u la tio n  o f  th e  mean s o u th e r ly  f low . However, 
t h e r e  i s  a  s t r o n g  c o r r e l a t i o n  o f  t h e  w ind  s t r e s s  r e c o r d  f ro m  N o r f o lk  
w i t h  t h e  10 m c u r r e n t  r e c o r d  a t  t h e  i n n e r s h e l f  s t a t i o n  408A, th e  one 
used h e r e ,  in d i c a t i n g  c l e a r l y  t h a t  th e  wind i s  th e  p r im ary  d r iv i n g  fo r c e  
in  t h i s  r e g io n  (B o ic o u rt  1981).
Comparison o f  c u r r e n t  m eter  d a t a  from Mooring 408A ( B e a r d s l e y  and 
B o i c o u r t  1981) and N o r fo lk  w inds, a s  d e s c r ib e d  in  th e  Methods s e c t i o n ,  
p ro v id ed  an app ro x im atio n  o f  w ind-induced  w a te r  movement a t  20°  t o  t h e  
r i g h t  o f  t h e  w ind. T h is  c o r r e l a t e s  v e ry  w e l l  w i th  observed  d i r e c t i o n a l  
change in  th e  G ulf o f  B o th n ia ,  betw een 0 and 20 m d e p t h ,  o f  19° t o  t h e
r i g h t ,  w h ich  i s  i n  c l o s e  ag re e m e n t  w i th  Ekman's th e o ry  (DeFant 1961).
However, th e  e s t im a te  o f  v e l o c i t y  used  h e r e ,  5% o f  t h e  wind s p e e d ,  i s  
h i g h e r  t h a n  e x p e c t e d ,  when com pared to  th e  s u r f a c e  model v a lu e  o f  3%. 
DeFant (1961) a l s o  found th e  v e l o c i t y  a t  d ep th  to  be h ig h e r  t h a n  t h e o r y
d i c t a t e s .  He could  o n ly  e x p la in  t h i s  as  r e l a t e d  t o  s t r a t i f i c a t i o n ,  i . e .
th e  l a y e r  above th e  th e rm o c l in e  moves f a s t e r .  In  th e  e v a l u a t i o n s  h e r e ,  
no d a t a  r e g a r d i n g  t h e  d e p t h  o f  t h e  t h e r m o c l i n e  a r e  a v a i l a b l e ,
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though as s u r f a c e  w a te rs  c o n t in u e  to  warm, th e  t h e r m o c l i n e  d e e p e n s  and 
i n c r e a s e s  in  i n t e n s i t y .  The i n t e n s i t y  o£ th e  th e rm o c lin e  in c re a s e s  and 
r e a c h e s  a  maximum i n  m id -A u g u s t  t o  e a r l y  S e p te m b e r  ( In g h am  1 9 8 2 b ) .  
T h e r e f o r e ,  i t  i s  l i k e l y  t h a t  th e  th e rm o c lin e  was q u i t e  deep and t h a t  10 
m was above th e  th e rm o c l in e ,  t h e r e f o r e  moving f a s t e r .
I t  i s  known t h a t  d i f f e r e n c e s  in  speed e x i s t  between onshore 
and o f f s h o r e  w in d s .  The v e l o c i t y  o f  N o r fo lk  w in d s  w ere  n o t  i n c r e a s e d  
f o r  t h i s  s tu d y  baBed on c l i m a t o l o g i c a l  average  com parison w ith  o f f s h o r e  
d a t a  ( F .  G o d s h a l l  p e r s .  comm.) ( s e e  C h a p te r  4 . 1 ) .  H ow ever,  y e a r l y  
c o m p a r i s o n s  w ith  Chesapeake L ig h t  Ship winds show th e  o f f s h o re  winds t o  
be  s t r o n g e r  th a n  N orfo lk  winds (Chuang e t  a l .  1 9 7 9 ) .  A s t u d y  r e l a t i n g  
se a  bouys to  land s t a t i o n s  r e v e a l s  th e  s t r e n g t h  o f  th e  wind a t  s e a  to  b e  
an av e ra g e  o f  1 .6  t im es  g r e a t e r  th a n  o b s e r v e d  on l a n d  (H su 1 9 8 1 ) .  I n  
t h i s  i n v e s t i g a t i o n ,  f a l l  w a t e r  movement i s  e s t i m a t e d .  In  th e  f a l l ,  
s u r f a c e  c u r r e n t s  more r e a d i l y  p e n e t r a t e  t o  t h e  b o t to m  i n  c o a s t a l  MAB 
(L udw ick  1 9 7 8 ) .  Though l o c a l  w in d s  may n o t  a lw a y s  b e  t h e  dom inant 
d r iv i n g  mechanism f o r  s u r f a c e  d r i f t ,  th e y  might be u s e f u l  as  p r e d i c t o r s  
o f  d r i f t  b y  v i r t u e  o f  th e  winds be ing  s u f f i c i e n t l y  c o r r e l a t e d  w i th  th e  
dominant d r i f t  mechanisms (H a r r i s o n  e t  a l .  1967).  T h e r e f o r e ,  a l t h o u g h  
t h e  a p p l i c a t i o n  o f  t h e  l o c a l  Ekman m odel i s  p ro b ab ly  r e s t r i c t e d  w i th  
r e g a r d  to  th e  M id -A tla n t ic  B igh t (Chuang e t  a l .  1979 ) ,  w ate r  movement on 
th e  s h e l f  i s  approxim ated  h e re  as  w ind-induced  t r a n s p o r t .
P r e v a i l i n g  c u r r e n t s  and w ind-induced  t r a n s p o r t  a f f e c t  movement 
o f  l a r v a e  from  s p a w n in g  g ro u n d s  to  n u r s e r y  a r e a s ,  t h u s  i n f l u e n c i n g  
r e c r u i tm e n t  and su b seq u en t y e a r - c l a s s  s u c c e s s .  L a r v a l  t r a n s p o r t  h a s  
b e e n  d e m o n s t r a t e d  by B e v e r a l  e a r l y  e a r l y  a u t h o r s  ( C a r r u t h e r s  1938, 
W alford 1938, S e t t e  1943, B is h a i  1960) and r e c e n t l y  rev iew ed  by N orcross
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and  Shaw ( I n  p r e s s ,  A p p en d ix  6 . 4  -  T e x t ) .  I n t u i t i v e l y ,  w ind-induced  
t r a n s p o r t  in  th e  MAB should  a f f e c t  r e c r u i t m e n t  o f  l a r v a l  c r o a k e r  f ro m  
th e  ocean spawning s i t e  to  th e  e s t u a r i n e  n u r s e ry  a r e a ,  s p e c i f i c a l l y ,  th e  
Chesapeake Bay.
T h i s  c o n c e p t  i s  u p h e ld  b y  i n v e s t i g a t i o n  o f  c ro a k e r  l a r v a l  
le n g th  d i s t r i b u t i o n s  and l a r v a l  and  a d u l t  a b u n d a n c e  d i s t r i b u t i o n s .  
V e c to r s  d e p i c t i n g  1 0 -d a y  w a te r  movement, p l o t t e d  to  t h e  same s c a l e  a s  
th e s e  d i s t r i b u t i o n  c h a r t s  (F ig u re s  6 .5  -  6 . 1 3 ) ,  add a d d i t i o n a l  s u p p o r t .  
L a r v a l  d i s t r i b u t i o n  i s  s e e n  t o  be  c l o s e l y  r e l a t e d  to  wind d i r e c t i o n .  
O ffsh o re  l a r v a l  movement r e s u l t s  from windB b low ing  o f f s h o r e .  T h i s  i s  
v e r i f i e d  b y  t h e  p a t c h  o f  5 mm l a r v a l  s u r r o u n d e d  by  s m a l l e r ,  younger 
la rv a e  in  th e  b e g in n in g  o f  O c to b e r  1 9 7 9 .  S i m i l a r l y ,  s o u th w a rd  w in d s  
w i t h  a seaw ard  component c a r r i e d  some l a rv a e  p a s t  th e  s h e l fb r e a k  a t  th e  
end o f  O ctober 1977. The f a r t h e r  from th e  c o a s t ,  th e  more t h e  o f f s h o r e  
component i n t e n s i f i e s  (Bumpus 1973, R uzecki e t  a l .  1976).  I n v e s t i g a t i o n  
o f  p l o t s  o f  l a r v a l  c ro a k e r  d i s t r i b u t i o n ,  f ro m  t h e  R/V DOLPHIN ( C l a r k ,  
S m i th ,  K e n d a l l  and Fahay 1969, B e r r ie n ,  F ahay , K en d a ll  and Smith 1978) 
and from unpub lished  d a ta  i n  Onslow Bay ( S .  W a r l e n ,  N M FS /B eaufo rt  Lab 
p e r s .  com m .), in  r e l a t i o n  to  te m p e ra tu re  and s a l i n i t y  i s o b a th s  i n d i c a t e  
e n t r a i n m e n t  o f  c r o a k e r  l a r v a e  i n  t h e  G u l f  S t r e a m ,  r e s u l t i n g  i n  
r e c r u i t m e n t  l o s s .  F i e l d  o b s e r v a t i o n s  t h a t  I  made aboard th e  R/V JOHN 
DE WOLFE I I  i n  December 1979 s u b s t a n t i a t e  t h i s .  Of th e  c ro a k e r  ta k en  on 
a  c r o s s - s h e l f  t r a n s e c t  so u th  o f  Cape Lookout, N .C .,  t h e  l a r g e s t  number 
were fo u n d  a t  t h e  G u l f  S t r e a m  s t a t i o n  (>100  f a t h o m s ) .  T h i s  c r u i s e  
f o l l o w e d  fo u r  days o f  g a l e - f o r c e  n o r th w es t  w in d s .  S ince  o f f s h o r e  Ekman 
t r a n s p o r t  has been l in k e d  to  low y e a r - c l a s s  s t r e n g t h  i n  o t h e r  s p e c i e s  
( N e l s o n ,  Ingham  and S c h a a f  1 9 7 7 ,  B a i l e y  1981, B o lz ,  Lough and P o t t e r
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1981, P a r r i s h ,  N elson , and Bakun 1 9 8 1 ) ,  t r a n s p o r t  d i r e c t e d  away from  
j u v e n i l e  n u r s e r y  g ro u n d s  i s  h y p o th e s iz e d  to  cause  poor r e c r u i tm e n t  o f  
c ro a k e r  t o  th e  Chesapeake Bay.
S t r e n g t h  d o es  n o t  ap p ea r  to  be as  im p o rtan t  as d i r e c t i o n  o f  
t h e  wind ( H u r r a y ,  LeDuc and Ingham  1983) • Low m a g n i tu d e  w in d s  i n  
S e p te m b e r  and  O c to b e r  1976 and 1980 c o n c e n t ra te d  la rv a e  a t  o r  n o r th  o f  
th e  Bay mouth as  compared w i th  s t r o n g  w in d s  a t  t h e  same t im e  in  1974 
w h ich  t r a n s p o r t e d  l a r v a e  s o u t h ,  b y p a s s i n g  th e  Chesapeake Bay. A du lt  
d i s t r i b u t i o n  c h a n g e s  a s  s o u t h w a r d  m i g r a t i o n  c o n t i n u e s .  L a r v a l  
d i s t r i b u t i o n s  a r e  f a r t h e r  n o r th  th an  th o se  o f  a d u l t s  in  1973 and 1980. 
Vind v e c to r s  do n o t  in d i c a t e  northw ard  movement o f  l a r v a e ,  t h e r e f o r e ,  i t  
I b  p ro b ab ly  a  southward movement o f  a d u l t s .
A lthough  q u a l i t a t i v e l y  t h e r e  was an  a p p a r e n t  r e l a t i o n s h i p  
b e tw e e n  l a r v a e  and w in d ,  v a r i a b i l i t y  i n  tim e and a b s o lu te  m easures o f  
d i r e c t i o n  and  sp e e d  made t h e  w in d - in d u c e d  t r a n s p o r t  d i f f i c u l t  t o  
q u a n t i f y .  The " b e s t "  4 0 -d a y  v e c t o r  fo r  each y ea r  i s  shown in  b o ld  in  
F ig u re s  6 .5  th rough  6 .1 3 .  The tim e o f  th iB  v e c t o r  i s  i n d i c a t e d  u n d e r  
e a c h  v e c t o r ,  above the  tim e s c a l e .  While t h e r e  were 40 co n tin u o u s  days 
o f  good t r a n s p o r t  in  1973 and 1 9 7 6 ,  t h e r e  w ere  n o t  40 "g o o d "  d a y s  in  
1 9 7 4  a n d  1 9 7 7 .  T h u s ,  t h i s  t im e  c h o i c e  i n c o r p o r a t e s  a  f a c t o r  f o r  
d u r a t i o n  o f  good t r a n s p o r t .  A c c o rd in g  t o  d a i l y  g ro w th  a n a l y s i s  o f  
l a r v a e ,  40 day o ld  c ro ak e r  a re  between 9 and 10 mm (F ig u re  6 .1 5 )  (W arlen
1980). T h is  encompasses th e  Bizes o f  l a rv a e  on th e  s h e l f  ( F i g u r e s  6 . 5 -  
6 . 1 3 )  a n d  a t  t h e  C h e s a p e a k e  Bay m outh  ( F i g u r e  6 . 3 ) ,  and  a l s o  i s  
c o n s i s t e n t  w i th  th e  l a r g e s t  l a r v a e  found  on t h e  s h e l f ,  11 mm i n  1975 
( F i g u r e  6 . 7 ) .  T h i s  s i z e  i s  h i s t o r i c a l l y  r e p o r te d  w i th in  th e  Bay, as 
w e l l  as  th e  Newport R ive r  e 6 tu a ry ,  North C a ro l in a  (Lewis and Judy 1983).
F ig u r e  6 .1 5
Age in  days  compared to  s ta n d a rd  l e n g t h  (mm) o f  c r o a k e r  
( a f t e r  Warlen 1980).
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T h is  i s  th e  same s i z e  a t  w h ich  t h e  VIMS j u v e n i l e  t r a w l  B urvey  f i r s t  
b e g in s  t o  c a p tu r e  young c ro ak e r  (N o rc ro ss  and Shaw 1983) .  T h e re fo re ,  40 
days  a r e  c o n s id e re d  a  s u f f i c i e n t  l e n g th  o f  tim e from  w h ic h  t o  d e v i s e  a 
wind t r a n s p o r t  index  (WINDEX).
A nalyses  o f  t h e  e a s t / w e s t  co m p o n en ts  o f  t h e  N o r f o lk  w in d s  
p r o v i d e  a  good f i r s t - c u t  c h o i c e  o f  t im e  f o r  t h e  40-day  v e c t o r s .  The 
t im e s  u s e d ,  1973 th rough  1981, a r e  i n d i c a t e d  in  b o x e s  i n  F i g u r e  6 . 1 6 .  
Though t h e r e  i s  v a r i a b i l i t y  i n  th e s e  t im e s ,  t h e  av e rag e  i s  c o n s i s t e n t  
w i th  th e  s t r o n g e s t  w e s te r ly  wind s t r e s s ,  which has a c l i m a t o l o g i c a l  mean 
i n  S ep te m b e r  (Saunders  1977). D is c re p a n c ie s  in  t h i s  f i r s t - c u t  a n a l y s i s  
r e q u i r e  c l o s e r  i n v e s t i g a t i o n  o f  th e  10-day  moving ave rage  v e c t o r s  b a s e d  
on  t h e  c r i t e r i a  o f  d i r e c t i o n ,  speed and tim e d i s c u s s e d  in  th e  R e s u l t s  
s e c t i o n  o f  t h i s  c h a p t e r .  F o r  e x a m p le ,  com pared  t o  t h e  f i r s t - c u t  
a n a l y s i s ,  t h e  t i m e s  u s e d  f o r  1978 and 1980 ap p ea r  to  be  to o  e a r l y  and 
to o  l a t e ,  r e s p e c t i v e l y .  However, t h e  10-day moving av e ra g es  r e v e a l  t h a t  
i n  1978 ( F i g u r e  6 . 1 0 ) ,  t h e  v e c t o r  had  a s t r o n g  component toward th e  
s o u th  and was n o t  a c t u a l l y  o n sh o re .  C o n v e rse ly ,  i n  1980 ( F ig u r e  6 . 1 2 ) ,  
t h e  com ponent toward th e  n o r th  was q u i t e  s t ro n g  s in c e  i t  w s b  b e f o r e  t h e  
c e s s a t i o n  o f  th e  summer w inds .  The r e s u l t  waB th e  same. The d i r e c t i o n  
o f  t h e  w in d  was n o t  o n sh o re .  A d d i t i o n a l l y  th e  t im esp an s  used f o r  b o th  
1978 and 1980 were c l o s e r  to  th e  tim e o f  th e  summer wind c e s s a t i o n ,  and 
t h u s  c l o s e r  to  spawning th a n  th o se  i n d i c a te d  by th e  e a s t - w e s t  component 
a n a l y s i s .
A b s o l u t e  m easures  o f  d i r e c t i o n  and speed were n o t  c o n s id e re d  
good in d ic e s  o f  t r a n s p o r t  becau se  th e y  assume p r e c i s i o n  o f  m e a s u re m e n t ,  
a r e  b i a s e d  because  o f  th e  360° d i r e c t i o n a l  b a s e ,  and a t t r i b u t e  to o  much 
a c c u ra c y  t o  th e  computed m agn itude . The " b e s t "  4 0 -d a y  v e c t o r  f o r  e a c h
F ig u re  6 .16
E a s t /w e s t  components o f  N orfo lk  a i r p o r t  w inds, 1973-1981, 
u s e d  a s  i n d i c a t o r s  o f  o n s h o r e  t r a n s p o r t .  Boxed a re a s  
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y e a r  ( F i g u r e s  6 . 5  -  6 .1 3 )  was used  to  c a l c u l a t e  a  wind t r a n s p o r t  index 
(WINDEX), which was d e s c r ib e d  in  th e  R e s u l t s  s e c t i o n  (T ab le  6 . 2 ) .  N o te  
t h a t  t h e  s t r o n g  n o r t h w e s t  v e c t o r  f o r  1979 (F ig u re  6 .1 1 )  had o n ly  h a l f  
th e  WINDEX v a l u e  (W=7) o f  t h e  w eak e r  o n s h o r e  v e c t o r  i n  1976 (W=15) 
( F i g u r e  6 . 8 ) .  Compared t o  1976 ( S = 3 ) ,  t h e  wind was s t r o n g e r  in  1979 
(S = 6) , b u t  th e  1979 d i r e c t i o n  was n o t  d i r e c t l y  o n s h o r e  (D = 3 ) ,  and  t h e  
p e r i o d  o f  good t r a n s p o r t  b e g a n  p r i o r  to  c e s s a t i o n  o f  th e  summer winds 
(T = -2 ) .  The v e c t o r s  f o r  1975 (F ig u re  6 . 7 )  and  1978 ( F i g u r e  6 . 1 0 )  a r e  
a l m o s t  i d e n t i c a l ,  b u t  1975 h a s  a lower WINDEX (W=12) th a n  1978 (W=15) 
becau se  th e  p e r io d  o f  good t r a n s p o r t  began p r i o r  to  th e  c e s s a t i o n  o f  th e  
summer w inds . Thus, t h i s  index  in c o rp o r a te s  th e  key  components o f  w ind- 
induced w a te r  t r a n s p o r t ,  d i r e c t i o n ,  s p e e d  and  t i m e ,  and  w e i g h t s  them  
w i t h  r e g a r d  t o  o n s h o r e  movement o f  c r o a k e r  l a r v a e  and s u b s e q u e n t  
r e c ru i tm e n t  i n t o  th e  Chesapeake Bay.
E s tu a r in e  T ra n s p o r t  o f  La r v a l / J u v e n i l e  Croaker
C l a s s i c a l  e s t u a r i n e  c i r c u l a t i o n  o f  th e  Chesapeake Bay i s  tw o -  
l a y e r e d ,  w i t h  low s a l i n i t y  w a t e r  f lo w in g  ou t a t  th e  s u r f a c e  and h ig h  
s a l i n i t y  w a te r  f low ing  in  a t  th e  bo ttom  ( P r i t c h a r d  1967 ) .  A mean bo ttom  
in f l o w  p r e v a i l s  a t  t h e  C h e s a p e a k e  Bay m ou th  ( N o r c r o s s ,  Hassman and 
Joseph  1962, H a r r iso n  e t  a l .  1967, Bumpus 1973).  E s t u a r i n e  i n f l o w  c a n  
a f f e c t  t h i s  lo w e r  l a y e r  a s  f a r  s e a w a rd  a s  th e  20 m i s o b a th  (B o ic o u r t  
1981).
Ekman f l u x  i s  c o n s i s t e n t  w i th  w ind-induced  t r a n s p o r t  a t  th e  
Chesapeake Bay mouth a t  p e r io d s  o f  10 days o r  g r e a t e r  (Wang and  E l l i o t t
1 9 7 8 ) .  B e t w e e n  t h e  C h e s a p e a k e  B a y  a n d  c o a s t a l  o c e a n ,  a 
w in d -d r iv e n /d e n s i ty - in d u c e d  c i r c u l a t i o n  i n t e r a c t i o n  i s  a t m o s p h e r i c a l l y
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c o u p l e d .  The mean b o t to m  f lo w  i s  i n t o  t h e  Bay m outh  ( F i g u r e  6 . 1 ) ,  
though  t y p i c a l l y  r e s t r i c t e d  to  t h e  deep ch an n e l  by "summer" ( s o u t h e r l y )  
w i n d s  a s  sh o w n  f o r  J u n e - J u l y  1980 i n  F i g u r e  6 . 1 7 .  " W in te r "  w ind  
p a t t e r n s  (n o r th w e s t )  in c re a s e  th e  n e t  downstream e s tu a r i n e  f lo w  a n d ,  i n  
t u r n ,  s t r e n g t h e n  t h e  n e t  r e t u r n  b o t to m  f lo w  ( H a r r i s o n  e t  a l .  1967).  
Thus, th e  l e s s e n in g  o f  winds c o u p le d  w i t h  r e d u c e d  f r e s h w a t e r  o u t f l o w  
r e s u l t s  in  more bo ttom  w ate r  in f lo w  in  th e  f a l l .  By September 1980, th e  
in f lo w  was n o t  r e s t r i c t e d  to  j u s t  th e  deep c h a n n e ls .  The f low  below 3 m 
was c o n s i s t e n t l y  i n t o  th e  Bay, w i th  th e  s u r f a c e  l a y e r  f l u c t u a t i n g  w i th  
t h e  t i d e s  (W. B o ico u r t  p e r s .  comm.) (F ig u re  6 . 1 7 ) .  I n  1980 and  1 9 8 1 ,  a 
s e v e re  d ro u g h t  may have reduced  s u r f a c e  f r e s h w a te r  f low  from th e  Bay and 
enhanced in f lo w  o f  s a l i n e  bo ttom  w a te rs  (Ingham 1982b).
D is c r e e t  d e p th  l a r v a l  c o l l e c t i o n s  a t  t h i s  tim e r e v e a l  most o f  
th e  c ro a k e r  to  be a t  or below 3 m (F ig u re  6 . 3 ) .  Though a few were found 
in  th e  t i d a l l y  in f lu e n c e d  1 m l a y e r ,  th e  m a jo r i t y  were being  t r a n s p o r t e d  
in t o  th e  Bay. T h is  i s  c o n s i s t e n t  w ith  p re v io u s  o b s e rv a t io n s  t h a t  p o s t -  
l a r v a l / j u v e n i l e  c r o a k e r  a r e  commonly found on th e  bo ttom  when e n t e r in g  
th e  Chesapeake Bay (Haven 1957),  N orth  C a r o l i n a  e s t u a r i e B  ( H i l d e b r a n d  
and Cable 19 3 0 ) ,  and Gulf c o a s t  p a s s e s  (Hoese 1965). Thus th e y  u se  deep 
e s t u a r i n e  c u r r e n t s  t o  move u pbay  (P o w le s  and S t e n d e r  1978) . C r o a k e r  
l a rv a e  have been  observed  s e t t l i n g  to  th e  bottom  72 hours a f t e r  h a tc h in g  
in  th e  l a b o r a t o r y .  However, th e  e x a c t  t r i g g e r i n g  m echan ism  and t i m i n g  
o f  l a r v a l  d e s c e n t  in  th e  w a te r  column from t h e i r  o r i g i n a l  p e l a g ic  s t a t e  
i s  n o t  known.
M i l l e r  e t  a l .  ( I n  p r e s s )  su g g es t  an a c t i v e  re sp o n se  by l a r v a l  
c ro a k e r  t o  v e r t i c a l  te m p era tu re  g r a d i e n t s .  For Onslow Bay, N .C . ,  t h e y  
show t h a t  c ro a k e r  la rv a e  rem ain in  warmer w a te r s ,  th u s  moving onshore  a t
142
F ig u re  6 .17
V e r t i c a l  s e c t i o n  a t  t h e  C hesap eak e  Bay mouth d e p i c t in g  
inward and outward f low , J u n e - J u ly  1980 ( a f t e r  B o i c o u r t
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th e  s u r f a c e  in  th e  f a l l  and a t  m id -dep th  in  th e  w i n t e r .  They f e l t  t h a t  
o b s e r v e d  ag e  d i s t r i b u t i o n a l  d i f f e r e n c e s  in  th e  w ate r  column must have 
been  g e n e ra te d  a s  an a c t iv e  r e s p o n s e .  I n  F i g u r e  6 . 3 t l a r v a l  l e n g t h s  
i n c r e a s e  w i th  dep th  on 1A Septem ber, b u t  do n o t  e x h i b i t  t h i s  p a t t e r n  on 
30 S e p te m b e r .  T e m p e r a tu re s  w ere  c o l l e c t e d  s i m u l t a n e o u s l y  w i t h  t h e  
l a r v a l  c o l l e c t i o n s  a t  t h e  C h e s a p e a k e  Bay m outh  and  p r o v i d e d  by 
J .  HcConougha (ODD p e r s .  com m .).  On 1A S e p te m b e r  1 9 8 0 ,  a s l i g h t  
t h e r m o c l i n e  ( 3 ° -  A°C) was s t i l l  p r e s e n t  a t  th e  s t a t i o n s  o u t s id e  t h e  Bay 
mouth (Appendix 6 .2  -  F i g u r e ) .  However, c o n d i t io n s  w ere  i s o t h e r m a l  by 
28 S e p te m b e r .  Thus, t h e r e  appea rs  to  b e  s i z e  r e l a t e d  v e r t i c a l  re sp o n se  
to  th e  te m p era tu re  g r a d ie n t  ( 2 5 . 5 ° -  2 1 .5 °C )  w h ich  was p r e s e n t  a t  t h e  
t im e  o f  t h e  e a r l y  c o l l e c t i o n ,  b u t  a b se n t  ( 2 3 .5 ° -  22.5°C) a t  th e  l a t e r  
c o l l e c t i o n .  Though l a rv a e  l e s s  th a n  A mm were found a t  a l l  te m p e ra tu re s  
w i t h i n  t h e s e  r a n g e s ,  t h o s e  c r o a k e r  l a r v a e  A mm or  g r e a t e r  were n ever  
found a t  te m p era tu re s  g r e a t e r  th a n  23 .5°C .
T e m p e ra tu re  r e c o g n i t i o n  and p r e f e r e n c e  i n c r e a s e  w i th  the  
number o f  days  p o s t  h a t c h i n g  in  l a r v a l  g r u n i o n ,  L e u r e s t h e s  t e n u i s  
( E h r l i c h  and H u s z y n s k i  1 9 8 2 ) .  The l a r v a e  a r e  s e n s i t i v e  t o  a  narrow  
ran g e  o f  te m p e ra tu re s .  A lthough growth e f f i c i e n c y  i s  maximum b e tw e e n  
18°C and 23°C , y o l k - s a c  l a r v a e  p r e f e r  te m p e ra tu re s  abou t 25°C. This  
h ig h e r  te m p era tu re  has been found to  in c re a s e  grow th r a t e ,  m in im iz e  th e  
y o l k - s a c  s t a g e  and p r o b a b l y  d e c r e a s e  i n v e r t e b r a t e  p r e d a t io n  f o r  bo th  
g r u n i o n  ( E h r l i c h  and M u sz y n sk i  1982) and  P a c i f i c  h a k e ,  M e r l u c c i u s  
p ro d u c tu s  (B a i le y  1981).
L a rv a l  s c ia e n id s  respond s i m i l a r l y  to  te m p e ra tu r e .  Time spen t 
i n  t h e  y o l k - s a c  s t a g e  ha6 been  shown to  i n c r e a s e  from AO hours  a t  30°C 
to  85 hours a t  20°C f o r  red  drum, S c ia e noos o c e l l a t a  ( H o l t ,  G odbout and
A rnold  1981 ) .  The optimum te m p e ra tu re  f o r  h a tc h in g  i s  25°C f o r  re d  drum 
(H o lt  e t  a l .  1 9 8 1 ) t and 22°C f o r  sp o t  ( J .  G o v o n i  p e r s .  com m .) .  S in c e  
c r o a k e r  i s  a f a l l  spavner l i k e  re d  drum, i t s  optimum te m p e ra tu re  may b e  
c l o s e r  t o  25°C. However, th e  te m p e ra tu re s  o bserved  i n  c o n j u n c t io n  w i t h  
t h i s  s tu d y  span th e  ran g e  o f  b o th  th e s e  s c i a e n i d s .
Once p a s t  t h e  y o lk - s a c  s t a g e ,  hake l a r v a e  a r e  found i n  d e e p e r
w a t e r  when s e a  B u r f a c e  t e m p e r a t u r e s  a r e  warm (B a i le y  1981).  Grunion
la rv a e  on th e  o th e r  hand , seek  c o o le r  t e m p e r a t u r e s  t o  c o n s e r v e  e n e r g y
when n o t  f e e d i n g  ( E h r l i c h  and H uszynsk i 19 8 2 ) .  A v e r t i c a l  r e s p o n s e  to
te m p e ra tu re  would work to  in s u r e  o n sho re  t r a n s p o r t  o f  c ro a k e r  l a r v a e  in
t h e  H i d - A t l a n t i c  B ig h t  a s  i t  d o e s  i n  O nslow  Bay ( H i l l e r  e t  a l .  I n
p r e s s ) .  The young l a rv a e  would be  n e a r e r  th e  s u r f a c e ,  and m ore s u b j e c t
to  w ind-induced  onshore  t r a n s p o r t .  Pronounced th e rm a l s t r a t i f i c a t i o n  on
th e  s h e l f  d i s a p p e a r s  around September ( H a r r i s o n  e t  a l .  1 9 6 7 ) .  L a r v a e
t e n d  t o  b e  c l o s e r  t o  t h e  s u r f a c e  w hen t h e  w a t e r  co lum n i s  l e s s
s t r a t i f i e d  (A hls trom  1959, B a i le y  1 9 8 1 ) .  T h is  was e x h ib i t e d  b y  c r o a k e r  
1
l a r v a e  a t  i s o t h e r m a l  c o n d i t i o n s  28 S e p te m b e r  ( F i g u r e  6 . 3 ) .  As th e  
l a rv a e  g e t  n e a r  th e  Chesapeake Bay mouth, and t h e  th e rm o c lin e  s t a r t s  t o  
b r e a k  down i n  t h e  f a l l ,  t h e  num bers  c o l l e c t e d  a t  6 m, as  opposed to  
1 m and 3 m, i n d i c a t e  t h a t  t h e y  d e s c e n d  v e r t i c a l l y  w h i c h  r e d u c e s  
o f f s h o r e  t r a n s p o r t  a t  th e  s u r f a c e .  However, s in c e  most o f  th e  f low  a t  
th e  Bay mouth i s  inward a t  t h i s  t im e  o f  y e a r ,  a  l a r g e  s c a l e  v e r t i c a l  
r e s p o n s e  i s  n o t  n e c e s s a r y .
The h y p o th e s i s  t h a t  c ro a k e r  l a r v a e / p o s t - l a r v a e  come in  a l o n g  
t h e  b o t t o m  o f  t h e  Bay and  a r e  c a r r i e d  u p s t r e a m  i n  t h e  s a l t - w e d g e  
t r a n s p o r t  system  had been  acc e p te d  (W allace  1940) b u t  n o t  s u b s t a n t i a t e d  
b y  p h y s i c a l  m e a s u re m e n ts  o r  f i e l d  c o l l e c t i o n s .  Newly h a tc h e d  c ro a k e r
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la r v a e  a r e  n e u t r a l l y  b o u y a n t .  O b s e r v a t i o n s  i n  t h e  l a b o r a t o r y  r e v e a l  
t h a t  y o l k - s a c  l a r v a e  a p p e a r  t o  ex p en d  e n e r g y  f i g h t i n g  t o  d e s c e n d  
(tf. H e t t l e r  p e r a .  comm.). W ein s te in  e t  a l .  (1980) have shown t h a t  p o s t -  
l a r v a l  c r o a k e r  m a i n t a i n  a b o t to m  o r i e n t a t i o n ,  and e x h i b i t  b e h a v i o r a l  
r e s p o n s e s  t o  p h o t o p e r i o d  and t i d e ,  w h ic h  w o u ld  h e l p  p o s t - l a r v a e  
accum ula te  in  ups tream  n u r s e r i e s  by u t i l i z i n g  n e t  n o n - t i d a l  flows in  th e  
low er l a y e r  (Appendix 6 .5  -  F i g u r e ) .  While such  a t i d a l  re sp o n se  may be 
p a r t i c u l a r l y  im p o r t a n t  i n  w e l l -m ix e d  e s t u a r i e s  such as  Pam lico Sound, 
N .C . ,  i t  i s  n o t  l i k e l y  to  be as  im p o rtan t  i n  th e  t w o - l a y e r  f lo w  o f  t h e  
C h e s a p e a k e  B ay . I n  a  t w o - l a y e r  sy stem , bo ttom  o r i e n t a t i o n  may b e  th e  
o n ly  b e h a v i o r a l  re sp o n s e  n e c e s s a r y  f o r  j u v e n i l e  f i s h  t o  s u c c e s s f u l l y  
e n t e r  th e  e s t u a r y  ( M i l l e r  e t  a l .  In  p r e s s ) .
C roakers  most l i k e l y  move u p r iv e r  u s in g  s a l t  wedge t r a n s p o r t ,  
s i n c e  t h e y  a c c u m u l a t e ,  i n  many s y s t e m s ,  where d e p o s i t i o n  i s  g r e a t e s t  
(W e in s te in  1979).  J u s t  a s  an  i n c r e a s e  i n  l a r v a l  s i z e  f rom  o f f s h o r e  
spaw n in g  t o  i n s h o r e  n u r s e r y  a r e a s  i s  a p p a re n t  (Warlen 1980, Lewis and 
Judy 1983, M i l l e r  e t  a l .  I n  p r e s s ) ,  an i n c r e a s e  i n  s i z e  from  o f f s h o r e  
t h r o u g h  t h e  C h e s a p e a k e  Bay and u p r i v e r  i s  d e m o n s ta ' te d  b y  1973-1980 
com posite  m onth ly  l e n g t h / f r e q u e n c i e s  ( F i g u r e  6 . 1 8 ) .  C o n t i n u a t i o n  o f  
upbay movement, p r o t r a c t e d  spawning and grow th a re  ev idenced  h e r e .
CONCLUSIONS
P a r t  2 o f  Sub M odel I  ( F i g u r e  6 . 1 9 )  r e p r e s e n t s  t h e  e f f e c t  o f  
t r a n s p o r t  on l a r v a l  c r o a k e r  r e c r u i t m e n t  t o  t h e  C h e sa p e a k e  B ay .  To 
s u c c e s s f u l l y  e n t e r  t h e  B ay ,  c ro a k e r  must avo id  t h e  o u tf lo w in g  s u r f a c e  
l a y e r s .  I f  t h e  l a rv a e  can  descend in  th e  w a te r  colum n i n  p r o x i m i t y  t o
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A verage  (1 9 7 3 -1 9 8 0 )  m o n t h l y ,  A u g u s t  t h r o u g h  J a n u a r y ,  
l e n g t h / f r e q u e n c i e s  o f  c r o a k e r  showing in c re a s e  in  s i z e  
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F ig u re  6 .19
Sub Model I  -  P a r t  2 :  The e f f e c t  o f  t r a n s p o r t  on l a r v a l
c ro a k e r  r e c ru i tm e n t  i n t o  t h e  Chesapeake Bay.
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th e  mean inward bottom  f low , th e y  w i l l  g e t  i n t o  th e  Chesapeake Bay by  a 
c o m b in a t i o n  o f  a c t i v e  swimming and  p a s s i v e  t r a n s p o r t  (Lewis and Judy 
1983) .  The p o t e n t i a l  l o s s  o f  l a rv a e  i s  g r e a t l y  r e d u c e d  o n c e  t h e y  h a v e  
r e a c h e d  t h i s  s t a g e .  Though th e  s u r f a c e  d r i f t  i s  n o t  always f a v o r a b l e ,  
th e  bo ttom  d r i f t  p ro v id e s  a c o n s i s t e n t  t r a n s p o r t  toward i n s h o r e  n u r s e r y  
a r e a s  ( H a r r i s o n  e t  a l .  1967)..  H ow ever ,  away from th e  Chesapeake Bay 
mouth, th e  c u r r e n t  tu r n s  o f f s h o r e  w i th  in c r e a s in g  d e p t h  (C huang  e t  a l .
1 9 7 9 ) .  T h u s ,  i t  i s  i m p o r t a n t  t h a t  th e  c ro a k e r  a r e  f i r s t  b ro u g h t  n e a r  
th e  mouth o f  t h e  Bay.
T h e r e f o r e ,  t h e  m o s t  c r i t i c a l  t im e  in  th e  l i f e  h i s t o r y  o f  a 
l a r v a l  c ro a k e r  i s  d u r in g  th e  p e l a g i c  s t a g e .  D uring  t h i s  p e r i o d ,  i t  i s  
s u b j e c t  t o  w in d - in d u c e d  t r a n s p o r t  which may cause  d i r e c t  lo s s  o f f  th e  
s h e l f  and e n t ra in m e n t  in  th e  G u lf  S tream . O ffsh o re  t r a n s p o r t  p r o l o n g s  
t h e  t i m e  d u r i n g  w h i c h  t h e  l a r v a e  a r e  v u l n e r a b l e  t o  p r e d a t o r s ,  
n u t r i t i o n a l  d e f i c i e n c i e s ,  and  a d v e r s e  t e m p e r a t u r e  c h a n g e s .  T h e  
m a g n i tu d e  o f  t h i s  w in d - in d u c e d  e f f e c t  i s  a f u n c t io n  o f  th e  d i r e c t i o n ,  
s t r e n g t h ,  d u r a t i o n  and tim e r e l a t i v e  to  spaw ning, as  has  been  s u g g e s t e d  
f o r  m a c k e r e l ,  Scomber scom brus. (C a r ru th e r s  1938, Murray e t  a l .  1983).  
F a l l  j u v e n i l e  r e c r u i tm e n t  i s  d e te rm ined  by th e  e f f e c t  o f  th e  wind due to  
t r a n s p o r t  com bined  w i t h  i t ' s  e f f e c t  on spawning l o c a t i o n  and t im e ,  a s  
dem onsta ted  in  C h a p te r  4 .  T o g e t h e r ,  t h e s e  fo rm  Sub M odel I  ( F i g u r e  
6 .20).
Q u a n t i f i c a t io n  o f  t r a n s p o r t  e f f e c t s  on r e c r u i tm e n t  i s  based  on 
t h a t  v u l n e r a b l e  w i n d - d r i v e n  p e r io d  r a t h e r  th a n  th e  more s t a b l e  bo ttom  
s ta g e  (F ig u re  6 . 1 4 ) .  T h is  h y p o th e s iz e d  r e l a t i o n s h i p  n e e d s  t o  b e  f i e l d  
t e s t e d  w i t h  c o n c u r r e n t  b i o l o g i c a l  and p h y s i c a l  s a m p le s .  An in t e n s e  
sam pling  reg im e o f  d i s c r e e t  d e p t h  p l a n k t o n  tow s iB n e e d e d  d u r i n g  t h e
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Sub M odel 1 :  The e f f e c t  o f  w in d  on l a r v a l  c r o a k e r
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c ro a k e r  spawning season  no t  o n ly  n e a r  th e  Chesapeake Bay mouth, h u t  a l s o  
o v e r  t h e  m i d d le  and  s o u t h e r n  a r e a s  o f  M id -A tla n t ic  B ig h t .  When w ind- 
induced  t r a n s p o r t  i s  n o t  conducive t o  Chesapeake Bay r e c r u i t m e n t ,  a s  i n  
1 9 7 4  ( F i g u r e  6 . 6 ) ,  s u r f a c e  and b o t to m  d r i f t  p a t t e r n s  ( F i g u r e  6 . 1 )  
i n d i c a t e  t h a t  r e c r u i t m e n t  t o  P a m l ic o  Sound may b e  e n h a n c e d  t h r o u g h  
O reg o n  I n l e t .  F i e l d  s a m p l in g  B hould  i n c l u d e  t h i s  a r e a .  A d d i t i o n a l  
l a b o r a to r y  exp er im en ts  a l s o  a r e  needed to  i n v e s t i g a t e  a c t i v e  and p a s s iv e  
m e ch an ism s  o f  l a r v a l  v e r t i c a l  m i g r a t i o n ,  op tim um  te m p e ra tu re  r a n g e ,  
c r i t i c a l  p e r io d  (May 1 9 7 4 ) ,  and p r e d a t o r / p r e y  r e l a t i o n s h i p s .  U n t i l  
t h e s e  g o a l s  c a n  b e  acco m p lish ed ,  th e  r e l a t i o n s h i p  between th e  index o f  
w ind-induced  t r a n s p o r t  (WINDEX) and th e  m easure o f  j u v e n i l e  r e c r u i t m e n t  
w i t h i n  t h e  C h e s a p e a k e  Bay ( J ^ ^ )  can  b e  used  e m p i r i c a l ly  and can form 
th e  baB is  f o r  a d d i t i o n a l  r e s e a r c h .
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CHAPTER 7
E f f e c t  o f  V in te r  T em peratu re  on S u rv iv a l  o f  J u v e n i l e  
A t l a n t i c  C roaker in  th e  Chesapeake Bay
INTRODUCTION
C roaker a r e  more co ld  t o l e r a n t  t h a n  m ost s e m i - t r o p i c a l  f i s h  
s p e c i e s .  As s u c h ,  th e y  a r e  seldom in c lu d e d  i n  l i s t s  o f  f i s h  k i l l e d  by 
co ld  w a te r s  in  F l o r i d a  ( S t o r e y  and  G udger 1936 , S t o r e y  1 9 3 7 ,  H i l l e r  
1 9 4 0 ,  S n e l s o n  an d  B r a d l e y  1 9 7 8 ) .  H ow ever ,  w i n t e r  k i l l s  h a v e  b e e n  
r e p o r t e d  ( H i l d e b r a n d  and  C a b le  1 9 3 0 ,  G u n te r  and H i l d e r b r a n d  1 9 5 1 ) .  
J u v e n i l e  c r o a k e r  a r e  known t o  b e  v u l n e r a b l e  t o  s e v e r e  c o l d  w i n t e r  
te m p e ra tu re s  (Massman and Pacheco 1 9 6 0 ) ,  bu t  a re  l e s s  s e n s i t i v e  t o  t h e  
c o l d  t h a n  l a r g e r  f i s h  ( H i l d e r b r a n d  and C a b le  1 9 3 0 ,  G u n te r  1 9 3 8 ) .  
T e m p e r a t u r e - i n d u c e d  m o r t a l i t i e s  o f  j u v e n i l e  A t l a n t i c  c r o a k e r  
(H ic ro p o g o n ia s  u n d u la tu s )  have been observed  in  th e  f i e l d  (Van Engel and 
Joseph  1968, Jo sep h  1972, Wojcik 1978) and in  th e  l a b o r a t o r y  ( S c h w a r t z  
1964, Jo sep h  1972).
I n  th e  M id -A t la n t ic  B ig h t ,  j u v e n i l e  c r o a k e r  a r e  r e c r u i t e d  to  
t h e  C h esap ea k e  Bay i n  th e  f a l l  and spend t h e i r  f i r s t  w in te r  w i th in  t h a t  
e s tu a r y  and i t ' s  t r i b u t a r i e s  (F ig u re  7 . 1 ) .  Thus, t h e y  a r e  s u s c e p t i b l e  
t o  t h e  s e v e r e  w i n t e r  t e m p e r a t u r e s  t h a t  may b e  e x p e r i e n c e d  i n  t h a t  
r e g i o n .  The w in te r  o f  1958 was e x c e p t i o n a l l y  c o l d ,  w i t h  J a n u a r y  and  
F e b r u a r y  t e m p e r a t u r e s  f i v e  o r  s i x  d e g r e e s  [F] c o l d e r  t h a n  a v e r a g e
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The C h esap ea k e  Bay and i t s  t r i b u t a r i e s .  The lo c a t io n  o f  
th e  V i r g in i a  I n s t i t u t e  o f  M arine s c i e n c e  (V IM S), on t h e  
Y ork R i v e r ,  i s  t h e  s i t e  a t  which th e  w a te r  te m p e ra tu re s  
were o b ta in e d .
T
&
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(A ndrew s 1959) * The w a t e r  t e m p e ra tu r e s  n o t  on ly  were c o ld e r  th a n  any 
y e a r  s in c e  1950, b u t  remained c o ld e r  f o r  a  con tinuous  e i g h t  day  p e r i o d .  
A good c r o a k e r  y ea r  c l a s s  seemed to  be i n d i c a te d  by ju v e n i l e  c a tc h e s  i n  
th e  f a l l  o f  1957, b u t  young c ro a k e r  co m ple te ly  d isa p p e a re d  by m id -w in te r  
1958 (H assm an and P a ch ec o  1 9 6 0 ) .  T h a t  y e a r  c l a s s  was co n sp icu o u s ly  
a b s e n t  from th e  commercial c a tc h  in  1960 (Van Engel and Joseph 1968) and 
nev e r  c o n t r ib u te d  to  f u t u r e  c a tc h e s  (Jo sep h  1972).
As "co ld"  w in te r s  a r e  known to  k i l l  c r o a k e r ,  t h e  p u r p o s e s  o f  
t h i s  c h a p t e r  a re  t o  d e f in e  " c o ld "  w in te r  te m p era tu re  and to  e m p i r i c a l ly  
q u a n t i f y  i t s  e f f e c t  on j u v e n i l e  c ro ak e r  (0 +) s u r v i v a l  t o  t h e  f o l l o w i n g  
sum m er. T h is  e f f e c t  i s  i n v e s t ig a t e d  in  r e l a t i o n  to  o th e r  env iro n m en ta l  
f a c t o r s  known to  a f f e c t  y o u n g - o f - t h e - y e a r  c r o a k e r  r e c r u i t m e n t ,  a s  
d is c u s s e d  in  C hap ters  4 .2  and 6 .  The r e s u l t  i s  a s t a t i s t i c a l  p r e d i c t i v e  
model o f  c ro ak e r  y e a r - c l a s s  (0*) s t r e n g t h  in  th e  Chesapeake Bay.
METHODS
W inter sea  w ater  te m p e ra tu re s  f ro m  t h e  Y ork  R i v e r ,  V i r g i n i a  
w ere  a v a i l a b l e  1954 th r o u g h  1976 (H sieh  1979).  They were reco rd ed  a t  
th e  p i e r  a t  th e  V irg in ia  I n s t i t u t e  o f  M arine S c ience  (VIMS), G l o u c e s t e r  
P o i n t  ( F i g u r e  7 . 1 )  f ro m  a d e p t h  o f  a b o u t  2 m b e lo w  mean low w a te r .  
These te m p era tu re s  have been  shown to  c o r r e l a t e  w e l l  w i t h  o b s e r v a t i o n s  
ta k e n  by th e  VIMS t r a w l  su rveys  (Massman and Pacheco 1960).  Maximum and 
minimum d a i l y  t e m p e r a t u r e s ,  t a k e n  f ro m  a  c o n t i n u o u s  r e c o r d e r ,  w ere  
a v e r a g e d .  T hese  d a i l y  v a l u e s  w ere  t h e n  averaged  to  y i e l d  an average  
te m p e ra tu re  f o r  each month. I  u s e d  t h i s  same m ethod ( H s i e h  1979) to  
c a l c u l a t e  m o n th ly  a v e r a g e  t e m p e r a t u r e  from  1 9 7 7 'th r o u g h  1982. When
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d a i l y  d a t a  w e re  u n a v a i l a b l e  due  t o  e q u ip m e n t  f a i l u r e ,  e s t i m a t e s  o f  
te m p e ra tu re  were d e r iv e d  from weekly maxima and minima.
As a n  e s t i m a t e  o f  y e a r l y  w i n t e r  t e m p e r a t u r e s ,  J a n u a r y ,  
F e b r u a r y  and  H arch  a v e r a g e  t e m p e r a t u r e s  were av e rag ed .  A lthough th e  
y e a r  ' a  low est w a te r  te m p e ra tu re s  u s u a l l y  occur in  J a n u a r y  o r  F e b r u a r y ,  
t h e y  h a v e  b e e n  r e c o r d e d  i n  M arch ( e . g .  19 6 7 ) .  The r e s u l t i n g  av e ra g e  
J a n u a r y - F e b r u a r y - M a r c b  t e m p e r a t u r e  (JFM) was u s e d  i n  t h e  a n a l y s e s  
(T a b le  7 . 1 ) .
The VIMS t r a w l  s u r v e y ,  a s  d e s c r i b e d  i n  C h a p te r  5 ,  p r o v i d e d  
m o n th ly  i n d i c e s  ( J jjqjj) o f  y o u n g - o f - th e - y e a r  c ro a k e r  in  t h e  Chesapeake 
Bay, 1954-1982. An index  o f  j u v e n i l e  (0 +) s u r v i v a l  t h r o u g h  th e  w i n t e r  
t o  t h e  f i r s t  summer was o b ta in e d  from an average o f  th e  m onth ly
( J mojj) v a lu e s  from A p r i l  th rough  September (T ab le  7 . 1 ) .  T hese  j u v e n i l e  
i n d i c e s  w ere  c o r r e l a t e d  w ith  th e  January-F ebruary-M arch  te m p e ra tu re s  to  
d e te rm in e  e m p i r i c a l ly  t h e  e f f e c t  o f  w in te r  te m p e ra tu re  on y o u n g - o f - t h e -  
y e a r  c ro a k e r  s u r v i v a l .
The c a le n d a r  y ea r  t h a t  i s  u sed  when r e f e r r i n g  t o  a s p e c i f i c  
y e a r  c l a s s  o f  c r o a k e r  , i s  t h a t  i n  which th e  j u v e n i l e s  a r e  age 0+ in  th e  
summer. T h is  i s  no t  th e  same as  th e  ass ignm ent o f  y ea r  c l a s s  in  C hap te r  
6 w h ic h  o n l y  d e a l t  w i t h  t h e  f a l l .  The f a l l  v a lu e  i s  lagged  by a  y e a r  
when c o r r e l a t e d  w ith  th e  summer in d ic e s  r e s u l t i n g  from t h a t  spaw n. F o r  
e x a m p le ,  t h e  1957 y ea r  c l a s s  was spawned in  th e  f a l l  o f  1956, sp e n t  th e  
w in te r  ( January-M arch) o f  1957 in  th e  C h e s a p e a k e  Bay, and  s u r v i v e d  t o  
age 0+ in  th e  summer o f  1957 (Jggjj)* S in ce  th e  purpose  i s  t o  a s s e s s  and 
p r e d i c t  y e a r - c l a s s  s t r e n g t h  (0 +) fo l lo w in g  t h e  f i r s t  w i n t e r ,  t h e  y e a r  
c l a s s  i s  d e s ig n a te d  by th e  y e a r  o f  i t s  f i r B t  summer.
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TABLE 7.1 
Tem perature and J u v e n i l e  In d ic e s
Year JFM J SUM JOCT* JMAX* Rjfm
54 5.97 22.45 52.25 91.21 7 .46
55 5.33 3.67 - - -  1 .96
56 4 .90 0.33 - - -  1 .74
57 6.03 45.44 2.62 21.94 29.32
58 3 .50 1.00 5 .66 14.87 -  4 .87
59 5.67 0.45 7.48 7.48 -  9 .55
60 4 .5 0 5.16 17.31 17.31 4 .4 0
61 5.00 0.21 - - -  2 .49
62 4 .77 9.67 0 .75 2 .12 8 .25
63 3 .93 0.07 0 .00 1.90 -  2.11
64 4.97 0.65 0 .0 0 5 .00 -  1 .84
65 5 .03 4.25 0 .20 26.52 1.34
66 4 .87 0.01 5 .27 34.27 -  1 .92
67 5.43 1.94 4 .10 9.60 -  4 .79
68 4 .23 0 .42 0 .0 0 0 .04 -  0 .52
69 3.83 1.03 0.07 17.57 -  1 .84
70 3.97 1.52 44 .41 47 .08 -  0 .45
71 5.83 0 .33 2.39 58.73 -1 2 .2 0
72 6.37 14.52 2 .36 47 .34 -  8 .85
73 6.43 6„80 8 .03 22.71 -1 7 .9 4
74 8 .33 113.72 83 .32 83 .32 21 .73
75 7.87 43.02 10.41 10.41 -2 8 .7 4
76 7 .03 51.13 - 106.12 9.81
77 4 .10 3.43 100.03 173.85 2.06
78 3.67 2 .04 19.31 106.00 -  2 .12
79 4 .80 10.48 18.67 144.69 8.91
80 5 .40 13.20 15.84 66.78 6 .79
81 4 .80 0.98 8 .46 137.38 -  0 .59
82 4 .7 3 5.72 7 .49 79.26 4 .46
*From the  p re v io u s  f a l l ,  i . e . ,  lagged  one y ea r
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S t a t i s t i c a l  c a l c u l a t i o n s  an d  g r a p h i c a l  p r e s e n t a t i o n s  w e re
a c c o m p l i s h e d  u s i n g  SPSS ( 1 9 7 5 ,  19 8 1 )  on a  P r im e  850  c o m p u te r  and
B u s i n e s s  G r a p h ic s  ( 1 9 8 2 )  on  a n  A p p l e  l i e .  M u l t i p l e  r e g r e s s i o n
2
s t a t i s t i c s  w e re  d e v e lo p e d  u s in g  SPSS. The e x p la in e d  v a r i a n c e  (R ) h as  
b een  reduced  t o  a c c o u n t  f o r  t h e  num ber o f  e x p l a n a t o r y  v a r i a b l e s  and  
sample s i z e  i n  each c a s e .
RESULTS AND DISCUSSION
R e l a t io n s h ip  Between W inter  Tempe r a t u r e  
and Summer J u v e n i l e  S u rv iv a l
T h e  A p r i l - S e p t e m b e r  sum m er i n d e x  o f  j u v e n i l e  c r o a k e r  
* y )  w as r e g r e s s e d  on t h e  a v e r a g e  J a n u a r y - F e b r u a r y - M a r c hb U n
t e m p e r a t u r e  (JFM *= x )  , 1954 t h r o u g h  1 9 8 2 . A q u a d r a t i c  r e l a t i o n s h i p  
2
l y  ”  a  + bx ] was i n i t i a l l y  i n d i c a t e d  b y  a  p l o t  o f  t h e  d a t a  a n d
r e g r e s s i o n  a n a l y s e s .  However, th e  fo l lo w in g  l i n e a r  t r a n s f o r m a t io n s  were
a l s o  e x a m i n e d :  [ i n  y «* I n  a + b x ] ;  [ y  « a  + b ( l n  x ) ] ;
[ I n  y *= I n  a + b ( I n  x ) ) j [ l / y  « ( a  + b e  x  ] ; a n d
[ I n  y =* I n  a + b ( l n  x )  + cx ]  ( D a n i e l  and  Wood 1 9 7 1 ) .  T h e  f i t t e d
q u a d r a t i c  form i s  n o t  p h y s i c a l l y  r e a s o n a b le  a t  t e m p e ra tu re s  be low  4.0°C
s i n c e  i t  b e g i n s  t o  c u r v e  u p w a rd .  T h i s  f a l s e l y  i n d i c a t e s  t h a t  a s
t e m p e r a t u r e  c o n t i n u e s  t o  d e c r e a s e  b e lo w  4 ° C ,  t h e  summer s u r v i v a l
2
i n c r e a s e s .  The q u a d r a t i c  e q u a t io n  w i th  a l i n e a r  te rm  [y  = a  + bx  + cx] 
p r o v i d e d  th e  b e s t  f i t  (F ig u re  7 .2 )  between Jan u a ry -F e b ru a ry -M a rc h  (JFM) 
a v e r a g e  VIMS p i e r  t e m p e r a t u r e s  and  j u v e n i l e  c r o a k e r  a b u n d a n c e  t h e  
fo l lo w in g  summer:
J gUM = 118.07 -  (5 3 ,0 2 * JFM) + (5.99*JFM 2)
F ig u re  7 .2
A p ril-S ep tem b er  c ro a k e r  s u r v i v a l  in d e x  ( 
o n  w i n t e r  t e m p e r a t u r e  ( J F M )  
J gUH -  118.07 -  (53.02*JFM) + (5.99*JFM2 ) 
(R2= 0 .7 8 ,  n=29) .
Jg^M^ r e g r e s s e d  
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2
The r e g r e s s i o n  was h i g h l y  s i g n i f i c a n t  (R « 0 . 7 8 ,  n ES2 9 ,  F = 5 1 . 2 6 ,
p < 0 .0001) a s  shown in  T ab le  7 . 2 .
2
The R o f  0 .7 8  i n d i c a t e s  t h a t  78% o f  t h e  v a r i a b i l i t y  i n  t h e  
summer s u r v i v a l  in d e x  ( J . n u ) c a n  b e  e x p l a i n e d  by w in te r  te m p e ra tu reoUn
(JFM ). The r e l a t i o n s h i p  i s  p a r t i c u l a r l y  good i n  t h e  lo w er  t e m p e r a t u r e  
r a n g e s  ( F i g u r e  7 . 2 ) ,  which a g re e s  w i th  th e  th e  c o n c e p tu a l  l i f e  h i s t o r y  
proposed  in  C hap ter  3 .  Most o f  th e  d a t a  a r e  a t  t e m p e r a t u r e s  l e s s  t h a n  
5 .0 °C  w h ere  J gDH v a r i e s  o n ly  s l i g h t l y  from  z e r o .  A lthough th e r e  a re  
few er d a ta  p o in t s  a t  warmer te m p e ra tu r e s ,  th e y  have more v a r i a b i l i t y  and 
a r e  s i g n i f i c a n t  a s  th e y  p o t e n t i a l l y  p roduce  th e  dominant y e a r  c l a s s e s .  
The b e s t  f i t  i s  s t i l l  approxim ated  by a  q u a d r a t i c  e q u a t i o n .  A l i n e a r  
r e g r e s s io n  p ro v id e s  a  poor f i t  s in c e  i t  i s  n e i t h e r  a sy m p to tic  to  ze ro  a t  
v e ry  low tm e p e r a tu r e s , no r  app rox im ates  an e x p o n e n t i a l  a t  t e m p e r a t u r e s  
g r e a t e r  than  8.5°C (Appendix 7 .1  -  F ig u r e ) .
O ther  m easures o f  t e m p e r a t u r e  and  j u v e n i l e  summer s u r v i v a l  
a l s o  w ere  i n v e s t i g a t e d .  D ecem ber t h r o u g h  March i n d i v id u a l  monthly 
t e m p e r a t u r e s ,  a l l  c o m b i n a t i o n s  o f  t h e s e ,  a n d  m in im um  m o n t h l y  
t e m p e r a t u r e s  w e r e  t e s t e d .  I n  a d d i t i o n ,  M a rc h -S e p te m b e r  and  May- 
September summer j u v e n i l e  i n d i c e s  w ere  e x a m in e d .  The i n d i c e s  u s e d ,  
J a n u a ry -F e b ru a ry -M a rc h  average  te m p e ra tu re s  and A p ril-S ep tem b er ave rage  
y o u n g -o f - th e -y e a r  c r o a k e r ,  p ro v id ed  th e  b e s t  s t a t i s t i c a l  f i t .  However 
w i t h  a l l  i n d i c e s  t e s t e d ,  t h e  b e s t  f u n c t i o n a l  fo rm  p ro v e d  t o  b e  a 
q u a d r a t ic  e q u a t io n  w ith  th e  l i n e a r  te rm  in c lu d e d .
The q u a d r a t i c  e q u a t i o n  was used  to  h in d c a s t  summer j u v e n i l e  
i n d i c e s  1954-1982. F ig u re  7 . 3  shows t h e  c l o s e  a g re e m e n t  b e tw e e n  t h e  
a c t u a l  and h i n d c a s t  (JFM) v a l u e s  when th e  summer index  was low due to  
c o ld  w in te r  te m p e ra tu r e s .  As d i s c u s s e d  above , th e  d e v i a t i o n s  f ro m  t h e
TABLE 7 .2
M u ltip le  R e g re ss io n  A n a ly s is
DEPENDENT VARIABLE.. J olrlIbUri
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  SQJFM
MULTIPLE R 0.89314
R SQUARE 0.79770
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-3 .8 8 0  0.0006 
5 .075  0.0000 
3 .093  0.0047
160
a c t u a l  v a lu e s  were l a r g e r  when th e  te m p e ra tu re s  were g r e a t e r  th a n  5 .0 °C .  
The l o w e s t  d a i l y  and lo w e s t  w e e k ly  t e m p e r a tu r e s  o ver  th e  season  w ere 
in s p e c t e d ,  h u t  d id  n o t  accoun t f o r  t h i s  v a r i a b i l i t y .  T h is  wide ran g e  o f  
summer i n d i c e s  ( J g ^ j j )  i n d i c a t e s  t h a t  f a c t o r s  o t h e r  th a n  te m p e ra tu re  
i n f lu e n c e  summer s u r v iv a l  when w in te r  te m p e ra tu re s  a r e  warm. T h i s  h ad  
a l s o  b e e n  t h e  c o n c l u s i o n  o f  p r e l i m i n a r y  a n a ly se s  (N orcross  and A u s t in  
1981).
R e la t io n s h ip  Between Fa l l  J u v e n i l e  R ec ru i tm e n t .
W in ter  Tem perature and Summer S u rv iv a l
The number o f  j u v e n i l e  c r o a k e r  t h a t  a r e  r e c r u i t e d  to  th e  
Chesapeake Bay in  th e  f a l l  s h o u ld  a f f e c t  t h e  y e a r - c l a s s  s t r e n g t h  t h e  
f o l l o w i n g  su m m e r .  T h e r e f o r e ,  t h e  m o n th ly  i n d i c e s  f ° r  t h e
i n d i v i d u a l  f a l l  m on ths  o f  t h e  VIMS t r a w l  s u r v e y s ,  a s  d i s c u s s e d  i n  
C h a p t e r  5 ,  w ere  e x a m in e d .  B e c a u se  new ly  r e c r u i t e d  c ro a k e r  may b e g in  
e n t e r in g  th e  Chesapeake Bay a6 e a r l y  a s  J u l y ,  c o m b in a t i o n s  o f  m o n th s ,  
J u l y  t h r o u g h  D e c e m b e r ,  w e re  a v e r a g e d .  S in c e  a l l  m on ths  w ere  n o t  
sam pled , th e  average  in d ic e s  w ere  c a l c u l a t e d  by  t o t a l i n g  t h e  m o n th ly  
in d i c e s  and d iv id in g  by th e  number o f  months sampled.
When e n t e r e d  i n  a m u l t i p l e  r e g r e s s i o n  w i t h  t h e  J a n u a r y -  
February-M arch  te m p e ra tu re ,  none o f  th e s e  f a l l  in d ic e s  e x p la in e d  as much 
o f  th e  v a r ia n c e  as  te m p e ra tu re  a lo n e .  T h u s ,  when w i n t e r  t e m p e r a t u r e s  
a r e  v e r y  lo w ,  t h e y  mask t h e  i n f l u e n c e  o f  o t h e r  f a c t o r s  s u c h  t h a t  
t e m p e r a t u r e  a p p e a r s  t o  b e  t h e  s o l e  v a r i a b l e  d e t e r m i n i n g  j u v e n i l e  
s u r v i v a l .  For January-F ebruary-M arch  te m p e ra tu re s  leBs th a n  4 .5°C  (n = 7 , 
Appendix 7 .2  -  F i g u r e ) ,  t h e  f a l l  i n d i c e s  w ere  s e t  t o  0 .0 0  so n o t  t o  
in f lu e n c e  th e  s t a t i s t i c a l  r e l a t i o n s h i p s  (Appendix 7 .3  -  F i g u r e ) .
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The O ctober j u v e n i l e  in d e x  ( J 6CT^ a l o n e  n o t  c o r r e l a t e
w e l l  w i th  th e  summer index  when th e  c o l d e s t  y e a r s  a re  in c lu d e d  (Appendix 
7 .4  -  F ig u re )  o r  excluded  (Appendix 7 .5  -  F i g u r e ) .  H ow ever ,  i t  was a 
s i g n i f i c a n t  p r e d i c t o r  o f  summer j u v e n i l e  c ro a k e r  s u r v iv a l  when e n te re d
i n  a m u l t i p l e  r e g r e s s io n  w ith  JFM t e m p e r a t u r e  ( T a b l e  7 . 3 ) .  W ith  t h e  
r0CT’
2i n c l u s i o n  o f  J nr.T » t h e  e x p l a i n e d  v a r i a n c e  was in c re a s e d  ( t o  R *= 0 .84
2
fro m  R ® 0 . 7 8 ) .  The number o f  y e a r s  was d e c r e a s e d  t o  25 f r o m  29 
how ever, because  d a ta  were n o t  c o l l e c t e d  i n  O ctober 1954, 1955, 1960 and 
1 9 7 5 .  The summer i n d i c e s  c o r r e s p o n d i n g  t o  t h e  t h r e e  e a r l y  y e a r s  
( " 5 5 , '5 6  and "61) were low, as  were th e  m a jo r i t y  y e a r s ,  and could  n o t  be 
e s t im a te d  because  the  su rro u n d in g  months w ere  a l s o  m i s s i n g .  The Jgjjjj 
f o r  1976 was one o f  th e  h i g h e s t .  When J qqX was e s t im a te d  from  September 
and November 1975 i n d i c e s ,  the  change in  th e  e q u a t io n  was i n s i g n i f i c a n t .  
The fo l lo w in g  which r e s u l t e d  w ith  th e s e  4 y e a r s  e l im in a te d :
J SUM “ 92,64 “  (40 .87*JFM) + (4.48*JFM2 ) + (0 .4 9 * J OCX)
T h is  i s  g r a p h i c a l l y  d e p ic te d  in  F ig u re  7 . 4 .
The m u l t i p l e  r e g r e s s i o n  e q u a t i o n  was u s e d  t o  h i n d c a s t  t h e  
summer j u v e n i l e  in d ic e s  1954-1982 (F ig u re  7 . 5 ) .  These c a l c u l a t e d  v a lu e s  
were c l o s e r  to  th e  a c t u a l  in d ic e s  th a n  th o s e  b ased  on w in te r  te m p era tu re  
a lo n e  (F ig u re  7 . 3 ) .  Inadequa te  sam pling o f  l a r g e r  c ro ak e r  in  the  summer 
o f  1954 (Haven 1957), t h e  on ly  y ea r  in  w h ic h  a n  8 f o o t  t r a w l  was u s e d  
( s e e  C h a p t e r  5 ) ,  may accoun t f o r  th e  o v e re s t im a te  o f  th e  Jg^y v a lu e  in  
1954.
A l l  h i n d c a s t  v a l u e s  a r e  w i th in  12 o f  J g ^  excep t 1957. The
a c t u a l  v a lu e  f o r  1957 ( J „ TM B 4 5 .4 )  i s  h ig h e r  th a n  i t s  c a l c u l a t e d  v a l u ebun
^SUM OCT = M u l t ip le  r e g r e s s io n  a n a ly s e s  were perfo rm ed  f o r  Jg^y
w i th  J n(nrr and JFM as independent v a r i a b l e s ,  ex c lu d in g  1957 v a l u e s .  The
F ig u re  7 .3
A c t u a l  and  h i n d c a s t  summer j u v e n i l e  i n d i c e s ,  1954-1982.
H in d cas t  v a lu e s  (JFM) a r e  c a l c u l a t e d  s o l e y  f ro m  w i n t e r  
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M u ltip le  R e g re ss io n  A n a ly s is
DEPENDENT VARIABLE.. SUM
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  OCT
3 . .  SQJFM
MULTIPLE R 0.92658
R SQUARE 0.85856


















VARIABLES IN THE EQUATION — 













-3 .2 0 9  0 .0042 
3 .423  0.0026 
3 .938  0.0008 
2 .653  0.0149
F ig u re  7 .4
L in e a r  form o f  th e  A p r il-S ep tem b er  c ro a k e r  s u r v i v a l  index  
r e g re s s e d  on th e  r e s u l t  o f  th e  m u l t i p l e  r e g r e s s i o n  
e q u a t i o n  i n c o r p o r a t i n g  w in te r  te m p e ra tu re  (JFM) and th e  
O ctober ju v e n i l e  index  ( J n„ _ ) :Uvl
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F ig u re  7 .5
A c tu a l  and h in d c a s t  summer j u v e n i l e  i n d i c e s ,  1 9 5 4 -1 9 8 2 .
H i n d c a s t  v a l u e s  (OCT) a r e  c a l c u l a t e d  from  O c to b e r
2j u v e n i l e  i n d i c e s  and w i n t e r  t e m p e r a t u r e s  (R = 0 . 8 9 ,  
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2
c o r r e l a t i o n  was s i g n i f i c a n t l y  improved (R = 0 . 9 4 ,  n**24) and v a r i a n c e s  
between h in d c a s t  and a c t u a l  v a lu e s  were reduced  (Appendices 7 .6  -  T a b le ,  
7 . 7  -  F i g u r e  and  7 . 8  -  F i g u r e  T h i s  im p ro v ed  r e l a t i o n s h i p  w i t h  t h e  
re m o v a l  o f  one  y e a r ' s  d a ta  i n d i c a t e s  a need t o  examine t h a t  y e a r .  The 
d e v i a t i o n  i n  th e  a c t u a l  and c a l c u l a t e d  1957 v a l u e s  may b e  e x p l a i n e d  
p a r t i a l l y  by  t h e  u n d e r e s t i m a t i o n  o f  a l l  j u v e n i l e  in d i c e s  from 1955 to  
1979 as  d is c u s s e d  i n  C h a p t e r s  5 and  6 .  A h i g h e r  1956 O c to b e r  i n d e x  
( J q c t  ^ o r  a  h i g h e r  JFM te m p e r a t u r e  i s  needed to  e x p la in  th e  h ig h  1957 
summer index  *“ 4 5 .4 4 ) .  The tim e  o f  th e  summer w ind  c e s s a t i o n  i n
1956 was t h e  end  o f  J u ly  ( a s  d is c u s s e d  in  C hap te rs  4 .1  and 4 . 2 ) .  T h is  
means t h a t  i f  t r a n s p o r t  i n t o  t h e  Bay was g o o d ,  a l a r g e  number o f  new 
r e c r u i t s  shou ld  have been p r e s e n t  t h a t  f a l l .  Massman and Pacheco (1960) 
n o te d  t h a t  t h i s  y e a r  c l a s s  was abundant and t h a t  s u b s t a n t i a l  nu m b ers  o f  
young c r o a k e r  w ere  ta k en  i n  th e  f a l l  o f  1956 and th roughou t th e  w in te r  
o f  1957. They in c lu d e  c ro ak e r  d a t a ,  b u t  no m easure  o f  e f f o r t .
A lthough  th e  d a ta  p r e s e n te d  by Massman and Pacheco ( I9 6 0 )  were 
from t h e  VIMS j u v e n i l e  t r a w l  s u r v e y ,  t h e  nu m b ers  o f  c r o a k e r  do n o t  
co rrespond  to  th o se  used  h e re  ( se e  N orcross  and Shaw 1983).  I  a t te m p te d  
to  examine th e  o r i g i n a l  d a ta  to  v e r i f y  th e  f a l l  m onthly j u v e n i l e  in d i c e s  
f o r  1956 and th e  summer j u v e n i l e  index  f o r  1957; however, t h e s e  d a ta  a r e  
o n ly  a v a i l a b l e  i n  p a r t  on m i c r o f i s c h e .  The c a t c h  v a l u e s  r e c o r d e d  on 
m ic ro f i s c h e  d id  n o t  c o n ta in  c o l l e c t i o n  numbers. Thus, i t  waB im p o ss ib le  
to  compare th e  o r i g i n a l  and th e  com puterized  d a t a .
T h ese  d i f f i c u l t i e s  i n d i c a t e  t h a t  th e  r e l a t i o n s h i p  should  be 
examined u s in g  o th e r  e s t im a te s  o f  f a l l  r e c r u i tm e n t .  Use o f  t h e  O c to b e r  
index  may b e  b ia s e d  in  fav o r  o f  th o se  y e a rs  in  which maximum re c r u i tm e n t
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i s  e a r l y  b e c a u se  f a l l  j u v e n i l e  r e c r u i t m e n t  d o e s  n o t  b e g i n  a t  t h e  same 
t i m e  e a c h  y e a r .  (T he  re a s o n s  f o r  t h i s  have been  d i s c u s s e d  i n  C h a p te rs  
4 ,  5 and 6 ) .  However, f o r  th e  c o n d i t io n s  used  a b o v e ,  t h e  f a l l  maximum 
m o n th ly  in d e x  d i d  n o t  show a s  s t ro n g  a r e l a t i o n s h i p  as  O ctober
^OCT^ ^  d i f f e r e n t  approach  was u s e d  t o  r e e x a m in e  t h i s  v a r i a b l e
A s u b se t  o f  th e  d a t a ,  1972-82 , (T ab le  7 .1 )  was exam ined  u s i n g  
**MAX a s  a  Pr e d i c t o r  i n  p l a c e  o f  o f  J q c t * T h e se  y e a r s  w e re  c h o s e n  
beca u se  o f  th e  q u a l i t y  o f  t h e  t r a w l  d a t a .  They  i n c l u d e  t h e  t i m e  i n  
w h ic h  t h e  VIMS t r a w l  s u r v e y  began  i n i t i a l  u se  o f  a  l i n e d  t r a w l .  More 
samples w ere c o l l e c t e d .  O r ig in a l  d a t a  were a v a i l a b l e  f o r  v e r i f i c a t i o n .  
The r e s i d u a l s  f ro m  t h e  J F M - J g ^  q u a d r a t i c  e q u a t io n  f o r  th e s e
y e a r s  (T ab le  7 .1 )  were r e g r e s s e d  on th e  maximum f a l l  r e c r u i tm e n t  •
S in c e  t h e  r e s i d u a l s  a r e  t h e  u n e x p la in e d  v a r i a n c e ,  i . e .  th e  d i f f e r e n c e  
betw een th e  a c t u a l  and p r e d i c t e d  v a l u e s ,  i t  was h y p o t h e s i z e d  t h a t  f a l l  
r e c r u i t m e n t  s h o u l d  a c c o u n t  f o r  p a r t  o f  t h i s  v a r i a n c e .  A l i n e a r  
r e l a t i o n s h i p  below  J MAy o f  about 100 i s  a p p a r e n t  ( F i g u r e  7 . 6 ) .  A f t e r  
t h a t  p o in t  t h e r e  i s  no r e l a t i o n s h i p .
A l l  y e a r s  w i th  no a p p a re n t  r e l a t i o n s h i p  (1977 , 1978, 1979, and 
1981) had JFM te m p e ra tu re s  l e s s  th a n  5.0°C ( s e e  Tab le  7 . 1 ) .  P r e v io u s ly ,  
e i g h t  O ctober v a l u e s  w ere  d i s r e g a r d e d  b e c a u s e  o f  c o l d  t e m p e r a t u r e s .  
When JFM t e m p e r a t u r e s  w e re  4 . 5 ° - 5 . 0 ° C ,  summer in d i c e s  n ev e r  exceeded
11 .0  b u t  were n o t  been  e l im in a te d  s in c e  15 o f  29 y e a rs  had t e m p e r a t u r e s  
l e 6  6 t h a n  5 .0 ° C .  The f a c t  t h a t  c ro a k e r  c e a se  fe e d in g  a t  5.0°C ( Jo se p h  
1972) p ro v id e s  a  p h y s io lo g ic  re a so n  to  d i s c o u n t  f a l l  j u v e n i l e  i n d i c e s  
when JFM te m p e ra tu re s  a r e  below  t h i s .  In  1956 (JFM = 4 .90°C ) t h e  w in te r  
t e m p e r a t u r e  was i n  t h i s  i n t e r m e d i a t e  r a n g e  ( 4 . 5 ° - 5 . 0 ° ) .  A s p e c i a l
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F ig u re  7 .6
R e s id u a ls  from th e  J F M -J g ^  q u a d r a t i c  r e g r e s s i o n  
r e g r e s s e d  on th e  f a l l  maximum j u v e n i l e  in d e x  ( J MAy ) > 
1972-1982. D ata f o r  y e a rs  when w in te r  te m p e ra tu re s  were 
b e l o w  5 . 0 °  C h a v e  b e e n  e l i m i n a t e d :













su rv e y  was conducted  w ith  a s m a l le r  t r a w l ,  b u t  no c ro a k e r  w ere caugh t i n  
e i t h e r  A p r i l  o r  May 1956 (Massman and Whitcomb 1 9 5 6 ) .  The summer in d e x  
r e f l e c t s  t h i s  (Jg jjj j  “  0 . 3 3 ) .  The minimum w a te r  te m p e ra tu re  i n  Jan u a ry  
1956, 0 .56°C  (Massman and Pacheco 1960) was o bscu red  when a v e r a g e d  w i t h  
F e b r u a r y  and  M arch. S i m i l a r l y ,  th e  1966 w in te r  te m p e ra tu re  was i n  t h i s  
in t e r m e d ia te  ran g e  (JFM ■= 4 . 8 7 ) .  New r e c r u i t s  were documented as s t r o n g  
i n  December 1965 and Jan u a ry  1966 (Tan E ngel and Joseph  1 9 6 8 ) .  Bowever, 
a f t e r  a two-week co ld  snap lowered te m p e ra tu re s  below  1.0°C i n  t h e  T o rk  
R iv e r ,  o n ly  dead  c ro a k e r  were found and few were c o l l e c t e d  i n  th e  s p r in g  
and summer o f  1966 ( J o se p h  1 9 7 2 ) .  The 1966 summer in d e x  ( J _ „ „  = 0 .0 1 )bUrl
i s  th e  low es t i n  t h i s  t im e  s e r i e s .
I t  may b e  o n l y  v e r y  warm y e a r s  t h a t  a r e  n o t  t e m p e r a t u r e
l i m i t e d ,  a s  o p p o se d  t o  th e  p r i o r  s u p p o s i t io n  t h a t  on ly  v e r y  co ld  y e a rs
a r e  te m p e ra tu re  l i m i t e d .  A r e g r e s s i o n  i s  e s t i m a t e d  t o  f i t  o v e r  t h e
e n t i r e  ra n g e  o f  v a lu e s ;  i t  may n o t  be as  a c c u r a te  o v e r  th e  e n t i r e  r a n g e ,
how ever. Tem perature  r e s i d u a l s  were r e g r e s s e d  on  f a l l  maximum
i n d i c e s  ( J UAV) f o r  t h e  s i x  y e a r s  i n  t h i s  s u b s e t ,  1 9 7 2 - 1 9 8 2 ,  w i t h
te m p e ra tu re s  g r e a t e r  th a n  5.0°C (1972 , 1973, 1974, 1975, 1976 and 1980) .
A g o o d  l i n e a r  r e l a t i o n s h i p  r e s u l t e d  ( F i g u r e  7 . 6 ) .  The e x p l a i n e d
v a r i a t i o n  has  been  a d ju s te d  down b ased  on sample s i z e  (R = 0 . 6 7 ,  n = 6 ) .
A m u l t i p l e  r e g r e s s i o n  u s i n g  w i n t e r  t e m p e r a t u r e  (JFM) and J ^ ^  aB
p r e d i c t o r s  o f  J g ^  was c a l c u l a t e d  (T ab le  7 . 4 ) .  The r e s u l t i n g  e x p l a i n e d
v a r i a n c e  was g r e a t e r  t h a n  i t  had  b e e n  w i th  te m p e ra tu re  a lo n e  o r  w ith
2
te m p e ra tu re  and th e  O ctober index  (R » 0 .8 9 ,  n*=ll).  The e q u a t io n  i s :  
J gUM -  222.36 -  (8 6 .9 9 * JFM) + (8.28*JFM2) + < 0 . 3 3 ^ ^ )
TABLE 7 .4
M u ltip le  R e g re ss io n  A n a ly s is
DEPENDENT VARIABLE.. J om,sUrl
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  MAX
3 . .  SQJFM
MULTIPLE R 0.96006
R SQUARE 0.92171


















VARIABLES IN THE EQUATION — 













-3 .7 9 1  0 .0068 
2 .703  0.0305 
4 .455  0.0030 
3.341 0 .0124
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The summer j u v e n i l e  in d i c e s  were h in d c a s t  f o r  th e  1972—1982 
s u b se t  and p l o t t e d  in  F ig u re  7 .7 .  T h is  f i t  i s  b e t t e r  i n  yearB  o f  h ig h  
j u v e n i l e  a b u n d a n c e  t h a n  i n  low y e a r s .  The c u r v i l i n e a r  r e l a t i o n s h i p  
p roduced  an o s c i l l a t i o n  t h a t  c a l c u l a t e d  n e g a t i v e  v a l u e s  o f  Jg g jj  w h ich  
w ere  p l o t t e d  a s  z e r o .  T h i s  ty p e  o f  r e l a t i o n s h i p ,  u s in g  JMAy when JFM 
was 5 .0 °C  o r  g r e a t e r ,  w as e x a m in e d  f o r  t h e  1 9 5 4 - 1 9 8 2  p e r i o d  o f  
c o l l e c t i o n .  The e x p la in e d  v a r i a t i o n  f o r  th e  whole t im e s e r i e s  was n o t  
as  h ig h  a s  f o r  t h e  th e  s u b se t  (R = 0 .8 0 ,  ns 2 6 ) ,  and n e g a t iv e  v a lu e s  were 
s t i l l  p r o d u c e d .  H ow ever ,  n e g a t i v e  v a l u e s  w ere  c l o s e r  t o  z e r o  and  
c o e f f i c i e n t s  had s m a l le r  m agnitudes  th a n  th o se  c a l c u l a t e d  on th e  11 y e a r  
s u b s e t .  The c o e f f i c i e n t s  w ere  c l o s e r  t o  t h e  c o e f f i c i e n t s  e s t im a te d  
u s in g  JFM a lo n e  and J q q j  a s  p r e d i c t o r s  (A p p e n d ix  7 . 9  -  T a b l e ) .  As 
e x p e c t e d ,  t h e  r e s u l t s  were s im i l a r  when J jj^  in d ic e s  were a d ju s te d  f o r  
g e a r  as  d i s c u s s e d  in  C hap ter  6 (Appendix 7 .10  — T a b le ) .
R e la t i o n s h i n Between Wind-Induced T r a n s p o r t .
W inter Tem perature and Summer S u rv iv a l
The i n h e r e n t  d i f f i c u l t i e s  i n  th e  j u v e n i l e  in d ic e s  d is c u s s e d  
above t y p i f i e s  th o s e  common to  b i o l o g i c a l  d a t a  (A u s t in  and Ingham 1978) . 
T h e r e f o r e ,  i t  i s  d e s i r a b l e  to  develop  a  r e l a t i o n s h i p  in  which p h y s i c a l  
d a ta  a r e  independen t v a r i a b l e s  w i t h  a  known o r  u n d e r s t o o d  b i o l o g i c a l  
e f f e c t ,  and  v a r i a b l e s  which a re  r e a d i l y  a v a i l a b l e  and o f  h ig h  q u a l i t y .  
C hap te r  6 has  e x p la in e d  and q u a n t i f i e d  t h e  r e l a t i o n s h i p  b e tw e e n  w in d -  
induced  t r a n s p o r t  and j u v e n i l e  c ro a k e r  r e c r u i tm e n t  to  th e  Chesapeake Bay 
i n  th e  f a l l .  The r e s u l t  was a  q u a d r a t ic  model which p r e d i c t s  J ^ ^  based  
on WINDEX (W “  w ind-induced  t r a n s p o r t  in d e x ) ;
JMAX = 18,11 + ( 3 *90*W) + (0.86AW2)
F ig u re  7 .7
A c tu a l  and h in d c a s t  summer ju v e n i l e  i n d i c e s ,  1 9 7 2 -1 9 8 2 .  
H i n d c a s t  v a l u e s  (MAX) a r e  c a l c u l a t e d  from maximum f a l l  
j u v e n i l e  in d ic e s  and w in t e r  te m p e ra tu r e s ,

















T h e r e f o r e ,  WINDEX was used  in s t e a d  o f  J MAy i n  a m u l t i p l e  r e g r e s s io n  w i th
w in te r  te m p e ra tu re  as  a  p r e d i c t o r  o f  th e  summer s u r v i v a l  index  ( J g ^ )  •
P r e v io u s ly ,  th e  l i n e a r  form o f  th e  f a l l  index  was i n c l u d e d  i n
m u l t i p l e  r e g r e s s i o n  e q u a t io n  a long  w ith  th e  q u a d r a t ic  and l i n e a r  o f  JFM.
T hus , th e  l i n e a r  form o f  WINDEX was i n c lu d e d  i n  a  m u l t i p l e  r e g r e s s i o n
m o d e l w i t h  t h e  w i n t e r  t e m p e r a t u r e  p a r a m e t e r s  (JFM and JFM ) f o r  th e
1972-1982 s u b s e t .  T h is  r e g r e s s io n  in c lu d ed  a l l  t h e  o b s e r v a t i o n s ,  e v e n
when JFM te m p e ra tu re s  were l e s s  th a n  5 .0 °C . The e x p la in e d  v a r i a n c e  was
2th e  same a s  t h a t  f o r  J MAy (R e 0 . 8 9 ,  n ^ l l ) .  N e g a t i v e  v a l u e s  s t i l l  
r e s u l t e d  from th e  f i t t e d  r e g r e s s io n  e q u a t io n ,  b u t  th e  c o e f f i c i e n t s  were 
o f  a s m a l le r  m agnitude (T ab le  7 . 5 ) .
H ow ever,  s i n c e  J jj^  was f i t t e d  a s  a l i n e a r  and  q u a d r a t i c  
f u n c t io n  o f  WINDEX, Jggy was f i t t e d  a s  a f u n c t io n  o f  JFM and WINDEX t o  
d e r iv e  th e  fo l lo w in g :
J cm,  = 127.75 -  (70 .8 4 * JFM) + (7.64*JFM2 ) + (6.28*W) -  (0.23*W2 )dUW
The r e l a t i o n s h i p  was h i g h l y  s i g n i f i c a n t  (F = 2 7 .9 9 ,  p = 0 .0 0 0 5 ) .  I t  
e x p la in s  92% o f  th e  v a r i a t i o n  (R = 0 .9 2 ,  n s l l )  i n  t h e  summer j u v e n i l e  
in d e x  a s  a  r e s u l t  o f  w ind-induced  t r a n s p o r t  a f f e c t i n g  f a l l  r e c r u i tm e n t  
to  th e  Chesapeake Bay and w in te r  te m p e ra tu re s  a f f e c t i n g  s u r v i v a l  ( T a b l e  
7 . 6 ) .  The c o e f f i c i e n t s  a r e  i n  t h e  r a n g e  o f  th e  o th e r  r e l a t i o n s h i p s ,
i . e . ,  w ith  s m a l le r  m agnitudes  th a n  w ith  J j^ i and th e  h in d c a s t  n e g a t i v e  
v a l u e s  f o r  1981 and 1982 a r e  c l o s e r  to  zero  th an  c a l c u l a t e d  by p re v io u s  
r e l a t i o n s h i p s .  The h in d c a s t  valueB and a c t u a l  v a lu e s  f o r  th e  s u b s e t  a r e  
shown i n  F i g u r e  7 . 8 .  T h is  i s  a l a r g e  number o f  p a ra m e te rs  (5 )  f o r  th e  
sm a l l  sample s i z e  ( 1 1 ) .  The r e l a t i o n s h i p  may b e  c h a n g e d  so m ew h a t,  a s  
w i t h  by in c o rp o r a t in g  th e  WINDEX from th e  e n t i r e  tim e s e r i e s  w i th
TABLE 7 .5
M u ltip le  R eg ress io n  A n a ly s is
DEPENDENT VARIABLE.. J gUM
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  WINDEX
3 . .  SQJFM
MULTIPLE R 0.96235
R SQUARE 0.92613


















VARIABLES IN THE EQUATION — 













-2 .9 3 0  0.0220 
2 .857  0.0245 
3 .902  0.0059 
1.876 0.1028
TABLE 7 .6
M u ltip le  R e g re ss io n  A n a ly s is
DEPENDENT VARIABLE.. J SDM
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  SQWIND
3 . .  WINDEX
4 . .  SQJFM
MULTIPLE R 0.97424
R SQUARE 0.94913
ADJUSTED R SQUARE 0.91522
STANDARD ERROR 9.91754
ANALYSIS OF VARIANCE
DF SUM OF SQUARES MEAN SQUARE
REGRESSION 4 11011.81565 2752.95391
RESIDUAL 6 590.14516 98.35753
F = 27.98926 SIGNIF F = 0 .0005
VARIABLES IN THE EQUATION
VARIABLE B SE B BETA T SIG T
JFM -70 .84136  19.87214 -3 .1 9 8 1 4  -3 .5 6 5  0.0119
SQWIND -0 .2 3 3 1 4  0.14152 -0 .5 0 7 4 2  -1 .6 4 7  0.1506
WINDEX 6.27850 2.45449 0.80038 2 .558  0 .0430
SQJFM 7.63643 1.64857 4 .16966 4 .632  0.0036
(CONSTANT) 127.74867 57.47850 2.223 0.0680
F ig u re  7 .8
A c t u a l  and  h i n d c a s t  summer ju v e n i l e  i n d i c e s ,  1972-1982. 
H in d cas t  v a lu e s  (WIND) a r e  c a l c u l a t e d  f ro m  i n d i c e s  o f  
f a l l  w i n d - i n d u c e d  t r a n s p o r t  and  w i n t e r  t e m p e r a t u r e s  
(R2= 0 .9 2 ,  n = l l ) .
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t h e  JFM t e m p e r a t u r e .  This  B h o u l d  b e  d o n e ,  h o w e v e r ,  t h e s e  v a l u e s  a r e  n o t  
p r e s e n t l y  a v a i l a b l e .
CONCLUSIONS
S u s c e p t i b l i t y  o f  c ro ak e r  to  low te m p e ra tu re s  i s  a w id e ly  known 
f a c t .  The e f f e c t  h as  n o t  b e e n  p r e v i o u s l y  q u a n t i f i e d  f o r  c r o a k e r ,  
a l th o u g h  te m p era tu re  has been  c o r r e l a t e d  w i t h  y e a r - c l a s s  s t r e n g t h  f o r  
o t h e r  s p e c i e s  (Dow 1977 , Loucks and  S u t c l i f f e  1 9 7 8 ,  U lan o w itz ,  A l i ,  
V iv ia n ,  H e in le ,  Richkus and Summers 1982).  H e t t l e r  and C h e s t e r  (1 9 8 2 )  
e x p la in e d  82%  o f  t h e  v a r ia n c e  in  p ink  shrimp p o p u la t io n s  based  on w in te r  
t e m p e ra tu r e s ,  bu t d id  n o t  in c lu d e  a  measure o f  f a l l  r e c r u i tm e n t  b e c a u s e  
p r e v i o u s  s t u d i e s  had  shown no d i r e c t  r e l a t i o n s h i p  b e tw e e n  f a l l  and 
summer abundance.
The r e s e a r c h  p r e s e n t e d  h e re  shows t h a t ,  f o r  c ro a k e r ,  w in te r  
te m p e ra tu re  i s  the  predominant, v a r i a b l e  in  v e ry  c o ld  y e a r s ,  b u t  n o t  in  
v e r y  warm y e a r s ,  and a d d i t i o n a l l y  combines an index  o f  f a l l  r e c ru i tm e n t  
w i th  te m p e ra tu re .  This  im provesthe  e x p l a i n e d  v a r i a t i o n  by a c c o u n t i n g  
f o r  t h e  y e a r s  when y e a r - c l a s s  s t r e n g t h  i s  n o t  s o l e l y  dependen t upon 
te m p e ra tu re  (F ig u re  7 . 9 ) .  The r e l a t i o n s h i p  e s t a b l i s h e d  h e re  a l s o  shows 
t h a t ,  a l t h o u g h  t h e  t e m p e r a t u r e  i s  o f t e n  th e  major f a c t o r  d e te rm in in g  
s u r v i v a l ,  th e  magnitude o f  i t s  e f f e c t  i s  r e l a t e d  to  th e  i n i t i a l  s t r e n g t h  
o f  y e a r - c l a s s  r e c r u i t m e n t .  For exam ple, t h e r e  would be more s u rv iv o r s  
from an  i n i t i a l l y  l a rg e  y e a r  c l a s s  t h a t  e x p e r ie n c e s  h ig h  m o r t a l i t y  th a n  
from  a  y e a r  c l a s s  i n  which i n i t i a l  r e c ru i tm e n t  was weak b u t  subsequen t 
m o r t a l i t y  was h ig h .
F ig u re  7 .9
Sub Model 11: Summer j u v e n i l e  r e c r u i tm e n t  i s  t h e  r e s u l t
o f  f a l l  j u v e n i l e  r e c r u i t m e n t ,  a s  d e t e r m i n e d  i n  
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T h is  s tu d y  i s  un ique  in  t h a t  i t  c a l c u l a t e s  a b i o l o g i c a l  e n t i t y  
£rom p h y s i c a l  f a c t o r s  and i d e n t i f i e s  b i o l o g i c a l  rea so n s  f o r  th e  o bserved  
r e s u l t s .  The b a s i s  o f  t h e  m o d e l  was a  c o n c e p t u a l  h y p o t h e s i s  o f  
i n t e r a c t i o n s  among w in d - in d u c e d  t r a n s p o r t , w i n t e r  t e m p e r a t u r e , and  
y o u n g -o f - th e -y e a r  c ro a k e r  s u r v i v a l .  S t a t i s t i c a l  te c h n iq u e s  were u sed  to  
q u a n t i f y  th e  i n t e r a c t i o n s .  The i n p u t s  t o  Sub M odel XI ( F i g u r e  7 . 9 )  , 
t e m p e r a t u r e  and w in d ,  th ro u g h  f a l l  j u v e n i l e  r e c r u i tm e n t ,  p r e d i c t  y e a r -  
c l a s s  s t r e n g t h  o f  0 c ro a k e r .
ThiB model e m p i r i c a l ly  q u a n t i f i e s  th e se  r e l a t i o n s h i p s ,  however 
t h e  p h y s i o l o g i c a l  m echan ism  o f  c r o a k e r  r e s p o n s e  t o  t e m p e r a t u r e  i s  
unknow n. D u ra t io n  and i n t e n s i t y  o f  te m p e ra tu re  a r e  in c o rp o ra te d  i n  th e  
a v e r a g i n g  p r o c e s s e s  o f  t h i s  m o d e l .  R e p o r t e d  c o l l e c t i o n s  a n d  
o b s e r v a t i o n s  o f  j u v e n i l e  c r o a k e r  c o v e r  a w i d e  r a n g e  o f  " c o l d "  
te m p e ra tu r e s ,  7.0°C (Bearden 1964) to  0.6°C (Schw artz  1964 ) .  l a b o r a t o r y  
o b s e r v a t i o n s  show t h a t  a  g r a d u a l  d e c r e a s e  i n  t e m p e r a t u r e  d o e s  n o t  
produce d i s t r e s s  u n t i l  1.5°C (Jo sep h  1972).  Small c r o a k e r  a r e  t h o u g h t  
to  c o n c e n t r a t e  i n  d e e p e r ,  warmer w a te rs  as  te m p e ra tu re s  b e g in  to  d e c l in e  
(W allace  1940, N elson  1969, M e r r in e r ,  K r i e t e  and G rant 1976).  J u v e n i l e  
c r o a k e r  w e re  c a u g h t  a t  t h e  C h e s a p e a k e  Bay mouth d u r in g  th e  v e ry  c o ld  
w i n t e r s  o f  1977 and 1978 (W o jc ik  1 9 7 8 )  a n d  j u s t  o u t s i d e  t h e  Bay 
f o l l o w i n g  a c o l d  p e r i o d  i n  December 1981 ( J .  Sypek, VIMS p e r s .  comm.). 
C o l l e c t i o n s  o f  dead ju v e n i l e s  have been r e p o r te d  w i th  te m p e ra tu re s  below  
1 . 0 ° -  1 .5 °C  ( J o s e p h  1972, Wojcik 1978).  O ther u n re p o r te d  w in te r  k i l l s  
o f  c ro a k e r  may have o c c u r re d ,  b u t  s in c e  c r o a k e r  s i n k  when th e y  d i e  o f  
c o ld ,  t h i s  could  be  e a s i l y  over looked  (Schw artz  1964).
The e f f e c t  o f  te m p e ra tu re  may b e  l i n k e d  t o  s i z e  d e p e n d e n c y .  
Some c r o a k e r  h a v e  b e e n  r e p o r t e d  m oving  o u t  o f  t h e  c o l d  w a t e r s ,  b u t
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p e rh a p s  th e y  have to  reac h  a  s p e c i f i c  s i z e  b e fo re  th e y  a r e  l a r g e  enough  
t o  m ove, o r  h a v e  t o  b e  b e lo w  a  c e r t a i n  s i z e  i n  o r d e r  t o  r e m a in  and 
t o l e r a t e  th e  c o l d .  Though l a b o ra to r y  e x p e r i m e n t s  h av e  b e e n  c o n d u c te d  
( S c h w a r t z  1 9 6 4 ,  J o s e p h  1972),  th e s e  q u e s t io n s  have no t  been  a d d re s s e d .  
L ab o ra to ry  experim en ts  a re  needed to  t e s t  th e  t im in g  o f  th e  r e s p o n s e  in  
r e l a t i o n  t o  s i z e ,  change in  t e m p e ra tu re ,  and le n g th  o f  tim e o ver  which 
th e  te m p e ra tu re  ch an g es .  T h is  ty p e  o f  s p e c i f i c  knowledge c o u ld  be  u s e d  
to  r e f i n e  and e s t a b l i s h  th e  r e l a t i o n s h i p s  p r e s e n te d  h e r e .
CHAPTER 8 
The A t l a n t i c  Croaker F is h e ry
INTRODUCTION
A t l a n t i c  c ro ak e r  (M icropogonias u n d u la tu s )  i s  r e p o r t e d  on t h e  
A t l a n t i c  c o a s t  from  th e  Gulf o f  Maine southward (Chao and Musick 1977) 
b u t  i s  p r i n c i p a l l y  a  s o u t h e r n  s p e c i e s  w h ich  e x t e n d s  n o r t h  o f  t h e  
Chesapeake Bay on ly  under  c o n d i t io n s  o f  fa v o ra b le  c l im a te  and p o p u la t io n  
s i z e  (McHugh 1981).  C roaker a r e  ex trem ely  v a r i a b l e  i n  a b u n d a n c e ,  w i t h  
g r e a t e s t  f l u c t u a t i o n s  a t  e x t r e m e s  o f  t h e i r  g e o g r a p h ic  range  (McHugh 
1977a) .  S tock  f l u c t u a t i o n s  may b e  in f lu e n c e d  by two ty p es  o f  changes in  
c l i m a t e :  ( 1 )  lo n g  t e r m  t r e n d s  i n  p e r i o d i c i t y  and ( 2 )  i n t e r a n n u a l
v a r i a t i o n s  (Cushing 1975).  B io lo g ic a l ly  in f lu e n c e d  d e n s i t y - d e p e n d e n c e  
and  f i s h i n g  p r e s s u r e  a l s o  i n f l u e n c e  v a r i a b i l i t y .  S tocks respond to  
c l i m a t i c  c h a n g e  by i n c r e a s i n g  i n  num bers  d u r i n g  a m e l i o r a t i o n  and  
d e c re a s in g  d u r in g  c l im a t i c  d e t e r i o r a t i o n  (Cushing 1975).  The g eo g rap h ic  
d i s t r i b u t i o n  o f  c r o a k e r  l a n d i n g s  h a s  s h i f t e d  n o t i c e a b l y  (W ilk  1981) 
th ro u g h  t im e ;  o f te n  accompanied by  la rg e  f l u c t u a t i o n  in  r e p o r te d  c a tc h e s  
(H ild eb ran d  and Schroeder 1928, Haven 1957 and 1959, Massman and Pacheco 
1 9 6 0 ,  J o s e p h  1972 ,  McHugh 1977a and 1981), which ap p ea rs  to  be  r e l a t e d  
to  v a r i a t i o n s  in  c l im a te  and f i s h in g  p r e s s u r e .
I n  t h e  p a s t  when c r o a k e r  w ere  v e r y  a b u n d a n t ,  t h e y  w ere  
commonly th o u g h t to  b e  two y e a rs  o ld  o r  o ld e r  when caught c o m m e r c i a l ly .
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H o w e v e r , t h i s  i s  n o t  documented in  th e  l i t e r a t u r e .  The p u rpose  o f  t h i s  
c h a p te r  i s  to  an a ly ze  th e  h i s t o r i c  f l u c t u a t i o n s  o f  th e  com m ercia l  c a t c h  
i n  l i g h t  o f  p r e c e d i n g  a n a l y s e s  o f  e n v i r o n m e n t a l  e f f e c t s  on ju v e n i l e  
c ro a k e r  s u r v i v a l .  A d d i t i o n a l ly ,  t h i s  an a ly zes  th e  age s t r u c t u r e  o f  t h e  
c o m m e r c i a l  c a t c h  and t o  i n v e s t i g a t e  p o s s i b l e  r e l a t i o n s h i p s  among 
com m ercial c a tc h ,  spawning s to ck  and ju v e n i l e  r e c r u i tm e n t .
D a ta  Sources and Methods
C om m ercia l c a t c h  s t a t i s t i c s  a r e  g o v e r n m e n ta l  r e c o r d s  o f  
l a n d i n g s  w h ic h  a r e  t a b u l a t e d  y e a r l y  and p u b l i s h e d  i n  t h e  fo rm  o f  
S t a t i s t i c a l  D ig e s ts  a n d /o r  C u r r e n t  F i s h e r y  S t a t i s t i c s . I t  s h o u ld  be  
n o t e d ,  i n  g e n e r a l ,  t h a t  co m m e rc ia l  s t a t i s t i c s  t e n d  to  u n d e re s t im a te  
som ew hat due t o  f a i l u r e s  i n  r e p o r t i n g  w h ich  a r e  i n h e r e n t  i n  t h e i r  
c o l l e c t i o n  (W ilk  1 9 8 1 ) .  The fo llo w in g  commercial c a tc h  d a t a  were used  
in  th e  a n a ly s i s  o f  th e  h i s t o r i c  c a tc h :  F i e d l e r  ( 1 9 4 3 ,  1 9 4 5 ) ;  A n d e rs o n
and Power ( 1 9 4 6 ,  1 9 4 7 ,  1 9 4 8 , 1949 , 1 9 5 0 a ,  1 9 5 0 b ,  1951, 1955, 1956a, 
1956b, 1957); Anderson and P e t e r s o n  ( 1 9 5 2 ,  1 9 5 3 ,  1 9 5 4 ) ;  Pow er ( 1 9 5 8 ,  
1 9 5 9 ,  1960 , 1 9 6 1 ,  1962 ,  1 9 6 3 ) ;  Power and L y le s  (1 9 6 4 ) ;  Lyles (1965 , 
1966, 1967a, 1967b, 1968a, 1 9 68b , 1 9 6 9 a ,  1 9 6 9 b ) ;  R i l e y  ( 1 9 7 0 ,  1 9 7 1 ) ;  
W heeland  ( 1 9 7 1 ,  1 9 7 2 a ,  1 9 7 2 b ,  1 9 7 3 a ,  1 9 73b ,  1 9 7 5 a ,  1975b); Thompson 
(1 9 7 4 a ,  1 9 7 4 b ) ;  P i l e g g i  ( 1 9 7 6 a ,  1976b , 1 9 7 8 ,  1 9 7 9 ,  1 9 8 0 ) ;  and W ise 
(1977a ,  1977b, 1978).
E a r l y  r e f e r e n c e s  t o  h i s t o r i c  c r o a k e r  c a t c h  r e c o r d s  w e r e  
o b t a i n e d  from  t h e  fo l lo w in g  p u b l i c a t i o n s :  H igg ins  and P ea rso n  (19 2 7 ) ;
H i ld e b ra n d  and C a b le  ( 1 9 3 0 ) ;  McHugh ( 1 9 7 7 a ,  1 9 7 7 b ) ;  and McHugh and 
G i n t e r  ( 1 9 7 8 ) .  Recent (1976-82) d a ta  by y ea r  and by  g e a r  were p ro v id e d  
by th e  V irg in ia  M arine Resource Commission (VMRC) ( L .  P r i t c h a r d  p e r s .
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comm.) and  N o r th  C a r o l in a  D epartm ent o f  N a tu ra l  R e so u rc e s ,  D iv is io n  o f  
M arine F i s h e r i e s  (NCDNR/DMF) (S .  Ross p e r s .  comm.). The t o t a l  l a n d i n g  
s t a t i s t i c s  in c lu d e  c a tc h  from a l l  g e a r s .  Trawl la n d in g  f o r  b o th  s t a t e s  
in c lu d e  o n ly  th o se  c ro a k e r  r e p o r te d  as  b e in g  taken  by o t t e r  t r a w l s  a f t e r  
1 9 6 3 .  A f t e r  t h a t  t i m e  t r a w l e r  l a n d i n g s  ( s h r i m p ,  f i n f i s h )  w e re  
d i f f e r e n t i a t e d  in  North C a ro l in a .  Lengths o f  c ro ak e r  cau g h t by  s p e c i f i c  
g e a r s  w ere  o b t a i n e d  from  t h e  l i t e r a t u r e  and u n p u b l i s h e d  d a t a  (T a b le  
8 . 1 ) .  T he  p r i n c i p a l  g e a r s  u s e d  t o  c a t c h  c r o a k e r  h a v e  b e e n  
d e s c r i b e d :  pound n e t s  (H igg ins  and P e a rso n  1927, R o th c h i ld ,  Jones  and
W ilso n  1 9 8 1 ) ;  g i l l  n e t s  ( R o t h c h i l d  e t  a l .  1 9 8 1 ) ;  lo n g  h a u l  s e i n e s  
( H ig g in s  and P ea rso n  1927, D eV ries 1980); h a u l  s e in e s  (R o th c h i ld  e t  a l .  
1 9 8 1 ) ;  and o t t e r  t r a w l s  ( P e a r s o n  1 9 3 2 ) .  I n d i c e s  o f  e f f o r t  f o r  
Chesapeake Bay f i s h e r i e s  have been  p re s e n te d  by R o th c h i ld  e t  a l .  (1 9 8 1 ) .  
C ro a k e r  c a t c h - p e r - u n i t - e f f o r t  (CPUE) i n  V i r g i n i a  ( 1 9 3 0 - 7 7 )  w as  
c a l c u l a t e d  f o r  t h e  m ain  g e a r s ,  b a s e d  on  number o f  l i c e n s e s  i s s u e d  
(W. Hoagman p e r s .  comm.) bu t  i s  n o t  a v a i l a b l e  f o r  o th e r  s t a t e s  o r  o t h e r  
t i m e s .  A s u b - s a m p le  c o n s i s t i n g  o f  eaB te rn  shore  V i r g in i a  r e c r e a t i o n a l  
c ro a k e r  CPUE from 1955 to  1963 was p r e s e n te d  by R ic h a rd s  (1 9 6 5 ) .
Y ear  c l a s s e s  were a s s ig n e d  to  le n g th / f r e q u e n c y  d i s t r i b u t i o n s  
based  on n a t u r a l l y  o c c u r r i n g  g r o u p i n g s  o f  t h e  d a t a ;  b i o l o g y  o f  t h e  
c r o a k e r  a s  d is c u s s e d  in  C hapter 5; and i n t e r p r e t a t i o n s  o f  d a t a  o f  o th e r  
a u t h o r s  when a v a i l a b l e .  T h ese  l e n g t h / f r e q u e n c y  a n a l y s e s  w e r e  n o t  
i n t e r p r e t e d  a s  a b s o l u t e  and y e a r - t o - y e a r  v a r i a t i o n s  i n  g ro w th  were 
c o n s id e r e d ,  tfes trhe im  and R i c k e r  (1 9 7 8 )  ho w ev er  h a v e  s u g g e s t e d  t h a t  
a g e - l e n g t h  k e y s  com puted  from  one  y e a r ' s  d a t a  c a n n o t  b e  a p p l i e d  t o  
r e l i a b l y  a n o th e r  y e a r  o r  to  a d i f f e r e n t  p o p u l a t i o n .  I  b e l i e v e  t h e s e  














































































(Q (Q (d (Q P} Q)U U 4 J U 4 J 4 J U 4 J U U U J J(dQ )4(dR )(dfi)idQ t(it  
*0 *0 *0 ^  Td
3  '—> 6  o  
•H CO »H 00 <0 
60 CM 60 CM y
oo a \ 60 o \ co
•rl *-H *H H  0) 
B w S w H i
cd CD OJ fl 73
cn • • 
O' .£> ja 
■-I 3 D 
u  A  Oi
b e 
e 3  3
O w
w 3  3  
y  3  3 
CD >  >  
a ) CD co 
X X X
3 3 3 3 3 3 3 3 3 3 1 0
3 * Oi 6 t Oi Oi Oi Oi a .  X  Qi iO 
3 3 3 3 3 3 6 3 3 3 0 '  
3 3 3 3 3 3 3 3 3 3 " —'
’—* V  " u /  w  W  1 -1  "w * V  ' - I
3 B 3 B 3 6 3 B 3 3  
3 3 3 3 3 3 3 3 3 3 X  
> > > > > > > > > > -H 
3 3 3 3 3 3 3 3 3 3 3  
X X X X X X X X X X X
3  3  3  3  3  3
Cl U  U  U  CJ u
3  3  3  3  3  3
*3 X  X  X  X  X
• ! • • • •
X  X  X  .3 X  X
3  3  3  3  3  3
a  a  a  3  p< 3
3  3  3  3  3  3
3  3  3  3  3  3
V" W  "m" W  c^
3  3  6  3  3  3
3 3 3 3 3 3> > > > > >  3 3 3  3 3 3

















O O O O O O O O O
M S M N 3 C O O C O C O
0 0 0 0  
r » cn r » r n
CM < f  vj-  CM
0 0 0 0 0 0 0 0oQcocno'cMMtcnmM t M s f c M 'J n n n
cm cn cn cm cm cm
| C M N N  | H  | H  | | I H
i—t CM CM 1—I »—I *™C
CM CM CM CM CM






O O _0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  < t M O M o n o i ' 0 ' i o o » i n r ' r ' 0 « n r v « v D a '  
CM CM CM I —H H  H  i-H CM H  H H H N H N ^ H C M  H
>  Z  Pc U A J  H<O <  W P  w p  w




CO O  O
m  m

















w X  *
* w  X
p$ • *
< X  X
W * »
O X  X
O O O O O O O O O O O O O O O O O O O O OO O N iD tO N N M ^ O f f lu n O in O iD C lM C M O M
C M C M h H h H h H H C M h H h H cM H M H h O H
CM O O  ~ O  CM O
H M B O H H O c f H C O H H O O Q  O' O  00 O'
I I I I I I * 1 I "I IH H a c o o i M M ^ i r t ' O O ' f i n M  »o <!■ o  <d
£
*
/*> /-*» I^ s ^  /■“N «*™S i"“X y-V /*N *-N *»“»o <»*N #*s #■“> CO
W  w  W  W  s— » V ./  ^  W  S_»c N -/ v  V  w  W  w  W  W  ****.
H H X c o H X W H X O T E - t X W X X w X X W X X






O H O \ o > w o o o H H H e M c s n ^ c n n ^ g ^ i A
9 h o h 9 i o h O h O > O h O \ 9 h o n O > O h O h q \ O h o \ O h o h O h o n O ^  
* 1—I H  H  H  H  r—t H  H  H  H  H  H  H  H  H  H  H  H
N O iN c o o ^ N N ^ o o m c i iO 'X )O v o * d * H ^ io in ^ h '
gj-cnr^aocgr-»>—icgcooof'-cnr'-m cm ^  t
c r v r n ^ o c g i n i ncgr^oo^Hcgmvotn eg *—t o  en 






« i Q) Q)
^  ja  j -r -  o  ciifl fl n









O S  C  C M
O  (0  '*“*'■ IQ /—s (Q r%  Cg
ai B o  B o  0 o  f t£ ( g i O < D « U v O O  




a  to a  
O  «  H 'H O M 
l-< >  a  a)
to  CD CO
co n  COo o o
Hi Hi MO O 
U  HI 
O O






o o o  o  o





























































a  o  o  o  o
H  H  N  C S  H
©  o  o  o  o
H  O  n  CM h >  
H  H  CM M  H
o o
ON ON ON o f-H NOI | I 1 H 1 LT> I ONm -d* <r m
•
to /-N y-N y—s* © u ofS il-N 2 2 z z  ^ V"“N
<S < < • w >«/ s_^ < <!
> > > *-3 • • • > >V y—\ CO CO CO w• • • • O • • • ■ *
2 2 2 Z z 2 2 2 2 2« * « « • 9 • *
PM PM P-i PM hJ id PM PM
© 00 © 00 On t“H pH CM
in m tn r - n . r*. 00 co oo
ON ON ON ON ON ON ON ON ONH H H rH H H H H
ON o CM NO o CO
CM ©*• P*» co O 00 CO








































































o v er  t im e .  I  a s s ig n e d  a  spawning d a t e  o f  O c to b e r .  White and C h i t te n d e n  
(1 9 7 7 )  d i s c u s s e d  t h i s  and  c h o s e  15 O c to b e r  a s  t h e  m i d - p o i n t  o f  th e  
c ro a k e r  spawning season  and th e  a s s ig n e d  b i r t h  d a t e .  The m o n th ly  d a t a  
u sed  O ctober as th e  month when y e a r  c l a s s  d e s ig n a t io n s  a r e  changed.
L e n g th /f re q u e n c y  i n t e r v a l s  were c a l c u l a t e d  in  10 mm i n t e r v a l s ,  
0 -9  mm, 10-19 mm, 20-29 mm, e t c .  Composite l e n g th / f r e q u e n c ie s  Bhow b o th  
co m m erc ia l  c a t c h  l e n g t h  d i s t r i b u t i o n s  and  r e s e a r c h  j u v e n i l e  l e n g t h  
d i s t r i b u t i o n s .  The l a t t e r  f a c i l i t a t e s  t h e  i n t e r p r e t a t i o n  o f  t h e  
c o m m e rc ia l  d a t a  and  t h e  i d e n t i f i c a t i o n  o f  y e a r  c l a s s e s  w i t h i n  t h e  
c o m m e r c i a l  d a t a  b y  p r o v i d i n g  c o n t i n u i t y  w here  c o m m e rc ia l  d a t a  a r e  
s p a r s e .  I n  o r d e r  t o  u s e  t h e  j u v e n i l e  l e n g t h  d a t a  p r e s e n t e d  b y  
H i l d e b r a n d  a n d  C a b l e  ( 1 9 3 0 ) ,  I  r e c a l c u l a t e d  a l l  c o m p o s i t e  
l e n g th / f r e q u e n c ie s  a c c o rd in g  to  t h e i r  m e th o d s .  Numbers o f  c r o a k e r  a t  
d e s i g n a t e d  le n g th  i n t e r v a l s  were t o t a l e d  f o r  th e  months Jan u ary  th rough  
December and n o t  w eigh ted  by  t o t a l  c a tc h  numbers no r  by number o f  monthB 
sam pled . Though n o t  as  a c c u r a te  as com parison  o f  in d iv id u a l  y e a r s ,  t h i s  
m e thod  h a s  a d v a n t a g e s  i n  t h a t  i t  a l l o w s  d a t a  a b o u t  w h i c h  l i t t l e  
i n f o r m a t i o n  i s  a v a i l a b l e  t o  b e  u s e d .  T h i s  in c re a s e s  th e  sample s i z e  
y i e ld in g  sm oo the r ,  more e a s i l y  i n t e r p r e t a b l e  c u rv e s .  S ince  my i n t e n t i o n  
i s  t o  m ake c o m p a r i s o n s  o v e r  55 y e a r s ,  an d  n o t  y e a r - t o - y e a r ,  no 
com pensa tion  f o r  g e a r  was c o n s i d e r e d  n e c e s s a r y  o r  a p p r o p r i a t e .  The 
s o u rc e s  o f  th e  d a ta  f o r  t h e  com posite  l e n g th / f r e q u e n c ie s  a r e  d e t a i l e d  in  
T ab le  8 . 2 .
Long r a n g e  an d  i n t e r a n n u a l  te m p e ra tu re  t r e n d s  and anom alies  
w e re  e x am in ed  f ro m  t h e  l o n g e s t  a p p r o p r i a t e  t i m e  s e r i e s  o f  d a t a  
a v a i l a b l e .  P r o v i d e n c e ,  Rhode I s l a n d  an n u a l  a i r  te m p e ra tu re s  were used 



































































o s J> r- a) 
o s  n
3 J3 CO o  







■-I a) U T d
s  * o C■ IH *rl •a 3 a• a CO 3 3 0
o • JJ JJ a MH s  < s CA
* p : 3  3 M-t o  >
z o  o 3 o rJ 0)•* M-l 3 M pm, 3 3  e 00 c ■ a  >s < 0
Td O co eg o (0 3  3 > o
c ja 3  ai m a) «  fp
cd CO CJ u  • A *0
o a o M O  o 3  3 3 c
CO 00 JJ • 3 3 co
jj s  o <D CJ Z >  3 >
o u •rJ . r t iH * • r l •H 3 o
o o •O JJ P to JJ T 3 PS 3 . pci o
• r t t u 3  3 H 3  3 3 • l- l
rH 3 f —i cd c 3  3 Jl* 3 r - l
§ cd O l- l 0) S5 H 3  3 u 6
cd (U C  JJ *C o J J  < O J= o a




















4-1 P p O
CL 0 ) J J
\0 < x>
CM o 1 o CM
o n  c o M rH j j  i n in
y-* 0 \ o  m o  m ON
rH X ) O '* O  ON rH
M e  T * l
C  aC 0) I H  I •d
•r4  U J J  o n • H  ON u
P  P CL P p
CU co OJ ON CL O n cd





ao Os r- 1—i 
Os
—t 3  
a)
t"C JO 
• rl O 
3  JJ 





a) 3  i-J a
TO a 3  i - l T5 3
c • r l J =  ' r l 3 • r t
CO 0) or. GO 3 0)
CO rH MW 09
CO S n  *0 CD
J J iH to cd j j  S CO JJ H CO0) 3 3 u cu cd a> 0) O 01
£ 3 f—J j j c H 3 3 rH
a • r l CO •H rC •H
TO 3 p T 3  QJ c Td 3e GO <U 3  e 09 O 3 00 0)3 3 > 4J 3  •*-* j j > d 3 >






































































t o  t h a t  o f  c o m m e rc ia l  c ro a k e r  d a t a .  L ik ew ise ,  B altim ore  H arbor w in te r  
w a te r  te m p e ra tu re s  ( H a r r i s  and Van Engel 1981) were used  as an i n d i c a t o r  
o f  y e a r - t o - y e a r  v a r i a b i l i t y  o v e r  a  s i m i l a r  sp an  o f  t i m e .  A n n u a l 
N o r fo lk ,  V i r g i n i a  a i r  t e m p e r a t u r e s  w e re  u s e d  to  r e p r e s e n t  l o n g  and 
s h o r t  te rm  changes over tim e in  th e  s o u th e rn  Hid A t l a n t i c  B ig h t .  Annual 
te m p e ra tu re s  were o b ta in e d  from NCDC C l im a to lo g ic a l  D ata  Summaries.
C o r r e l a t i o n s  w ere  d e t e r m in e d  and graphs were p l o t t e d  u s in g  
B usiness  G raphics  (1982) s o f tw a r e  on a n  A pp le  l i e  c o m p u te r ,  and  SPSS 
( S t a t i s t i c a l  P a c k a g e  fo r  th e  S o c ia l  S c ie n ces )  (H a ll  and Nie 1981) on a 
Prime 850.
RESULTS AND DISCUSSION
A n a ly s is  o f  H i s t o r i c  Catch
A g r a p h  o f  commercial c a tc h  o f  c ro a k e r  from M assa ch u se t ts  t o  
F l o r i d a  (F ig u re  8 .1 )  r e v e a l s  t h a t  h i s t o r i c a l l y  t h i s  s u b - t r o p i c a l  s p e c ie s  
h a s  b e e n  p r i m a r i l y  la n d e d  i n  V i r g i n i a .  The l o n g - r a n g e  p a t t e r n  o f  
in c r e a s in g  c ro a k e r  c a tc h  th e  f i r s t  h a l f  o f  t h i s  c e n tu ry  seems t o  f o l l o w  
t h e  w arm ing t r e n d  s e e n  i n  t h e  a n n u a l  te m p e ra tu re  a t  P ro v id e n c e ,  R . I .  
(F ig u re  8 .2 )  f o r  th e  Bame tim e p e r io d .  A lthough t o t a l  la n d in g s  by  s t a t e  
a r e  no t a v a i l a b l e  y e a r ly  p r i o r  to  1929, th e  few y ea rs  t h a t  a r e  a v a i l a b l e
a r e  p l o t t e d  and p o in t s  c o n n e c te d  l i n e a r l y  ( F i g u r e  8 . 1 ) .  I t  i s  c l e a r
t h a t  t h e  com mercial c a tc h  o f  c ro ak e r  in c re a s e d  d r a m a t ic a l ly  d u r in g  t h i s  
t im e  (Welsh and Breder 1923), b u t  may be  o v e re s t im a te d  between 1908 and
1 9 2 0 . The B uchanan  B r o t h e r s  f i s h e r y  in  th e  Chesapeake Bay showed an
upward t r e n d  from 1908 to  1916 w ith  a d e c l in e  a f t e r  t h a t  (H ild eb ra n d  and 
S c h r o e d e r  1928) f o l l o w i n g  t h e  c o l d e s t  w i n t e r s  on r e c o r d ,  1917-1918
F ig u re  8 .1
T o t a l  c o m m e rc ia l  c a t c h  o f  c r o a k e r ,  1889 to  1982, on th e  
U. S. A t l a n t i c  c o a s t  from  M a s s a c h u s e t t s  t o  F l o r i d a  by 

















F ig u re  8 .2
A n n u a l a i r  t e m p e r a t u r e s  ( ° F ) , 1905-1980, a t  P ro v id e n c e ,  
Rhode I s l a n d  a i r p o r t  i n d i c a t e  lo n g - te rm  c l i m a t i c  c h a n g e s  
on t h e  e a s t  c o a s t  o f  th e  U.S.A . Smooth l i n e  i s  7 - p o in t  
moving a v e ra g e .
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( B j e r k n e s  1 9 6 7 ) .  C h a p t e r  7 d o c u m e n ts  t h e  e f f e c t  o f  c o l d  w i n t e r  
te m p e ra tu re s  on j u v e n i l e  c r o a k e r  r e c r u i t m e n t .  The B uchanan  B r o t h e r s  
d a t a  f u r t h e r  show th e  f i s h e r y  s t a r t i n g  to  in c r e a s e  a g a in  in  1920* so  th e  
l i n e a r  a p p ro x im a tio n  betw een 1920 and 1925 may be r e a s o n a b l y  a c c u r a t e .  
V a lu e s  f o r  N o r th  C a r o l i n a  i n  1923 (H ig g in s  and P ea rso n  1927) and 1927 
and New J e r s e y  in  1926 (H ild e b ra n d  and C able 1930) were p l o t t e d  b ased  on 
t h e s e  e s t i m a t e s .  The d e c r e a s e  i n  c a t c h  from 1925 t o  1929 a p p e a rs  to  
a g re e  w i th  th e  long ra n g e  te m p e ra tu re  t r e n d  o f  th e  c o l d  w i n t e r s  o f  t h e  
m id - tw e n t i e s ,  e s p e c i a l l y  1926 ( F ig u r e  8 . 3 ) .  The poor r e c r u i tm e n t  caused  
by t h e s e  t e m p e r a t u r e s ,  t o g e t h e r  w i t h  t h e  e co n o m ic  d e p r e s s i o n  w h ic h  
c a u s e d  a  s h a r p  d e c l i n e  i n  p r i c e s  (McHugh 1977b), p ro b a b ly  caused  th e  
d e c re a s e d  c ro a k e r  c a t c h  a t  t h e  b e g in n in g  o f  th e  t h i r t i e s .  The w a rm e s t  
w in t e r  on r e c o r d  a t  B a l t im o re  H arb o r ,  1932, coup led  w i th  an upward t r e n d  
in  lo n g - ra n g e  t e m p e r a t u r e s  ( F i g u r e s  8 . 2  and  8 . 4 )  r e s u l t e d  i n  a 300% 
i n c r e a s e  i n  t o t a l  l a n d in g s  from 1931 to  1938. T h is  in c r e a s e  p e r s i s t e d  
d e s p i t e  th e  w in te r s  o f  1934, 1935 and 1936, w hich had  a v e r a g e  J a n u a r y -  
F e b r u a r y  t e m p e r a t u r e s  l e s s  t h a n  2 .5 °C  a t  B a l t im o re  H a rb o r .  Why t h i s  
t h r e e  y e a r  p e r i o d ,  w h ic h  s h o u ld  h a v e ,  b u t  d i d  n o t ,  p r o d u c e  r e d u c e d  
c a t c h ,  i s  unknown.
A c l i m a t i c  f l u c t u a t i o n  i n d u c e s  r e l o c a t i o n  o f  a  m a r i n e  
c o m m u n i t y  aw ay  f r o m  i t s  n o rm a l  g e o g r a p h i c  r a n g e  to w a r d s  t h e  m ore 
e n v i ro n m e n ta l ly  a p p r o p r i a t e  one  (W a lsh  1 9 7 8 ) .  The c l i m a t i c  w arm ing  
t r e n d  o f  t h e  f i r s t  h a l f  o f  t h e  2 0 th  c e n tu ry  ( B a l l in g  and Lawson 1982) 
a p p e a rs  t o  be l in k e d  t o  th e  northw ard  ran g e  e x te n s io n  o f  a d u l t  c r o a k e r .  
The warm p e r io d  d u r in g  t h e  t h i r t i e s  and f o r t i e s  (Cushing 1975) ,  shown by 
th e  d e v i a t i o n s  from g lo b a l  mean s u r f a c e  a i r  t e m p e r a t u r e s  ( F i g u r e  8 . 4 ) ,  
s u p p o r t e d  a f i s h e r y  f o r  cod  ( Gadus morhua) o f f  G reen land  (C ush ing  and
F ig u re  8 .3
B a l t im o r e  H a r b o r ,  M ary lan d  ( J a n u a r y - F e b r u a r y  average) 
w a te r  te m p e ra tu re s  ( °C ) ,  1917-1978, i n d i c a t e  y e a r - to - y e a r  
v a r i a t i o n  in  th e  Chesapeake Bay-Mid A t l a n t i c  B igh t re g io n  
over a  long tim e p e r io d .  Smooth l i n e  i s  7 - p o i n t  m oving 
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F ig u re  8 .4
D e v i a t i o n s  from th e  g lo b a l  mean s u r f a c e  a i r  te m p e ra tu r e ,  
1880 and 1969, i n d i c a t e  w orld -w ide lo n g - te rm  t e m p e r a t u r e  
t r e n d s  (from  Cushing and D ickson 1976).
N. Hemisphere
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D ickson 1976)* C roaker a re  n o t  m entioned  a s  a c o m m e r c i a l ly  i m p o r t a n t  
s p e c i e s  i n  New Y ork  o r  New J e r s e y  i n  th e  1880 's  (E a r11 1887 and Mather 
1887 a s  c i t e d  by  McHugh 1 9 7 7 a ) .  By t h e  1 9 3 0 ' s ,  a d u l t  and  j u v e n i l e  
c r o a k e r  w ere  c o n s i d e r e d  i r r e g u l a r l y  common i n  New York w a te rs  in  th e  
summer and f a l l  (N ich o ls  and B reder 1934).  C roaker la n d in g s  w ere  f i r s t  
r e p o r t e d ,  a s  f a r  n o r t h  as  Delaware in  1880 (McHugh 1981),  New J e r s e y  in  
1900 (McHugh and G i n t e r  1978) and New Y ork  in  1920 (McHugh 1 9 7 7 a ) .  
R e c e n t  c o m m e rc ia l  l a n d i n g s  i n  C o n n ec t icu t  in  1935 show c ro a k e r  landed 
t h e r e .
A c o l d  w i n t e r  i n  1940 lo w e re d  r e c r u i t m e n t  as  World War I I  
d ec re ase d  f iB h in g  e f f o r t  by t r a w l e r s .  These may have caused  th e  d e c l in e  
i n  c r o a k e r  l a n d i n g s  s e e n  f ro m  1942-44 which was fo l lo w e d ,  in  1945, by 
th e  l a r g e s t  t o t a l  la n d in g s  o f  c r o a k e r  i n  h i s t o r y ,  68 m i l l i o n  p o u n d s .  
The a b s e n c e  o f  c r o a k e r  l a n d i n g s  s in c e  1940 in  M assach u se tts  and s in c e  
1945 in  New York does n o t  ap p ea r  to  have  b e e n  a r e s u l t  o f  s t o c k  r a n g e  
c o n t r a c t i o n  d u e  t o  u n f a v o r a b l e  c o n d i t i o n s .  The most pronounced long­
te rm  te m p e ra tu re  in c r e a s e  was in  th e  1 9 4 0 's ,  as was t h e  h i g h e s t  r e c o r d  
c a t c h .  T h i s  i n c r e a s e  in  t e m p e r a t u r e ,  s t o c k ,  and range  may even have 
s u p p o r ted  spawning as f a r  n o r th  as  Delaware Baybas d i s c u s s e d  i n  C h a p t e r  
4 .  Though t h i s  was u n d o u b t a b l y  a p e r io d  o f  u n u su a l  abundance, i t  was 
a l s o  one o f  heavy e x p l o i t a t i o n  ( F e r l m u t t e r  1 9 5 9 ,  McHugh 1 9 7 7 a ) .  The 
y e a r  o f  t h e  g r e a t e s t  c a t c h  was n o t  t h e  y e a r  o f  g r e a t e s t  a b u n d a n c e  
(Jo se p h  1972) ,  shown by  th e  CPUE o f  pound n e t s  and h a u l  s e i n e s  ( F i g u r e  
8 . 5 ) .  T h i s  d e c l i n e  i n  n o r t h e r n  c o m m e rc ia l  c a t c h  i s  p a r a l l e l e d  by 
V i r g in i a ;  b u t  w h i le  th e  c ro a k e r  f i s h e r y  in  V i r g in i a  re c o v e re d  t e n  y e a r s  
l a t e r ,  i t  d i d  n o t  come back in  th e  n o r th e r n  s t a t e s .  I t  i s  most l i k e l y  
t h a t  f i s h i n g  p r e s s u r e  d e c r e a s e d  t h e  s t o c k  w e l l  b e lo w  t h a t  i n d i c a t e d
F ig u re  8 .5
C a tc h  p e r  u n i t  e f f o r t  f o r :  V i r g i n i a  e a s t e r n  s h o r e
r e c r e a t i o n a l  c a t c h  ( a f t e r  R ic h a rd s  1965), and V i r g in i a  
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b y  i n c r e a s e d  l a n d i n g s  and removed M assach u se tts  and Mew York from th e  
f i s h e r y  a t  a tim e o f  a p p a re n t  peak  c l im a t i c  and s to ck  c o n d i t io n s .
T h is  i n c r e a s e d  f i s h i n g  p r e s s u r e  on a d u l t s  was re d u c in g  th e  
s to c k  as  th e  c o ld  w i n t e r s ,  as  d is c u s s e d  in  Chapter 7 ,  o f  1 9 4 3 ,  '4 5  and  
'4 8  w ere  r e d u c i n g  r e c r u i t s *  Warm w i n t e r s  in  1947, '4 9 ,  '5 0  and ' 5 3 ,  
a id e d  r a p i d  r e b u i l d i n g  o f  t h e  s t o c k  t o  a t o t a l  c a t c h  o f  19 m i l l i o n  
p o u n d s  i n  1958. The co ld  w in te r s  o f  1958 and 1959, ta p e re d  somewhat by  
a warm w in te r  in  1957, caused a f u r t h e r  d e c l i n e .
R e c r e a t i o n a l  c a t c h e s  on t h e  e a s t e r n  s h o r e  o f  V i r g i n i a  
f l u c t u a t e d  s i m i l a r l y  d u r in g  t h i s  time w ith  7640 c ro a k e rs  caught in  1956, 
b u t  o n ly  112 la n d e d  from  1959-1962 (R ichards  1965).  F ig u re  8 .5  shows 
th e  peak  CPUE's by g e a r  f o r  b o t h  a n g l e r s  and c o m m e rc ia l  g e a r .  The 
c o m b in a t i o n  o f  i n c r e a s e d  e f f o r t ,  s h a r p  downward c l im a t i c  t r e n d  and a  
s e r i e s  o f  c o ld  w i n t e r s ,  w ith  no av e ra g e  Jan u a ry -F eb ru a ry  t e m p e r a t u r e  a t  
B a l t im o r e  H a rb o r  g r e a t e r  th a n  4°C from 1958 to  1971 (F ig u re  8 . 3 ) ,  h e ld  
th e  t o t a l  A t l a n t i c  c a tc h  a t  l e s s  than  5 m i l l i o n  pounds from 1961 th ro u g h  
1974.
New J e r s e y  and D e law are  had b e e n  c a t c h i n g  s m a l l  num bers  o f  
c r o a k e r  u n t i l  t h i s  t i m e ,  b u t  t h e y  d ro p p e d  o u t  o f  th e  f i s h e r y  in  th e  
e a r l y  s i x t i e s .  I t  i s  l i k e l y  t h a t  th e  d e c l in e  o f  th e  s to ck  to g e th e r  w i th  
t h e  c l i m a t i c  d e t e r i o r a t i o n  l i m i t e d  th e  range  o f  th e  c ro ak e r  to  so u th  o f  
D elaw are. A lthough Wilk (1981) shows a B h if t  in  c r o a k e r  l a n d i n g s  f ro m  
t h e  C h e sa p e a k e  to  t h e  South A t l a n t i c  B ig h t ,  a s o u th e rn  p ro g re s s io n  d id  
n o t  fo l lo w  t h i s  c o n t r a c t i o n  o f  ran g e  tow ards  th e  s o u th .  Combined S o u th  
C a r o l i n a ,  G e o rg ia  and  F l o r i d a  la n d in g s  a r e  so low t h a t ,  compared w i th  
th e  r e s t  o f  th e  e a s t  c o a s t ,  th e y  appear o n ly  as  a s l i g h t l y  t h i c k e r  l i n e  
on t h e  g ra p h  above th e  North C a ro l in a  v a lu e s  (F ig u re  8 . 1 ) .  The l a r g e s t
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c a t c h  f o r  th e s e  t h r e e  s t a t e s  was 3 3 7 ,0 0 0  po u n d s  i n  1 9 6 6 ,  12% o f  t h e  
t o t a l  e a s t  c o a s t  l a n d i n g s .  T h i s  i s  t h e  o n l y  d e v i a t i o n  fro m  t h e  
superim posed l i n e  which r e p r e s e n t s  th e s e  s t a t e s .  The n ex t h i g h e s t  y e a r  
o f  com bined  l a n d i n g s ,  1953, was o n ly  1.6% o f  th e  t o t a l  c a t c h .  F l o r i d a  
la n d in g s  ranged  from l e s s  th an  500 pounds in  1940 t o  3 3 1 ,0 0 0  p o u n d s  i n  
1 9 6 6 ,  a v e r a g i n g  a b o u t  1 0 0 ,0 0 0  pou n d s  a n n u a l l y .  The com bined  South 
C a ro l in a  and G eorg ia  c a t c h  i s  even l e s s ,  r a n g i n g  f ro m  z e r o  i n  1968 t o  
1 1 2 , 0 0 0  i n  1 9 4 5 ,  0 .1 8 %  o f  t h e  r e c o r d  t o t a l  l a n d i n g s  t h a t  y e a r .  
T h e r e f o r e ,  th e  s h i f t  from th e  Chesapeake t o  t h e  S o u th  A t l a n t i c  a l m o s t  
e n t i r e l y  r e p r e s e n t s  in c re a s e s  in  N orth  C a ro l in a  la n d in g s  s in c e  1957 a s  
shown in  F ig u re  8 . 1 .
I n  th e  1 9 7 0 's  th e r e  was a r e s u rg e n c e  in  commercial la n d in g s  o f  
c ro a k e r  ( F i g u r e  8 . 1 ) .  A l th o u g h  n o t  i n  t h e  same q u a n t i t y  a s  i n  t h e  
1 9 4 0 ' s ,  c ro a k e r  were a g a in  landed  in  New J e r s e y  s t a r t i n g  in  1970 and in  
D elaw are i n  1974. A sm a l l  number were even  landed in  New York in  1 9 7 3 .  
I n  c i t i n g  f iB heB  uncommon to  th e  New J e r s e y  c o a s t ,  M i l s t e in  and Thomas 
(1 9 7 6 )  p u r p o s e l y  l e f t  c r o a k e r  o u t  b e c a u s e ,  th o u g h  a b s e n t  i n  1 9 7 2 ,  
c r o a k e r  was q u i t e  common in  1 9 7 3 .  Y o u n g -o f - th e -y e a r  were found once 
a g a in  s u c c e s s f u l l y  o v e rw in te r in g  in  M ary land  w a t e r s  in  t h e  m i d - 1 9 7 0 's  
(B .  F l o r e n c e ,  M a ry la n d  D e p a r tm e n t  o f  N a t u r a l  R esources  (MDDNR) p e r s .  
comm.). J u v e n i l e s  were r e p o r te d  in  D e la w a re  ( S .  B eck ,  I c h t h y o l o g i c a l  
A s s o c ia te s  p e r s .  comm., F .  Hughes, Delmarva Power and L ig h t  p e r s .  comm.) 
and New J e r s e y  ( P .  H im chack ,  New J e r s e y  D e p a r tm e n t  o f  E n v i r o n m e n ta l  
P r o t e c t i o n  p e r s .c o m m .)  e s t u a r i e s .  The com bina tion  o f  warm w in te r s  and 
an in t e r a n n u a l  i n c r e a s e  i n  t e m p e r a t u r e  ( F i g u r e s  8 . 2  and  8 . 3 )  in  t h e  
1 9 7 0 ' s  r e s u l t e d  i n  s u c c e s s f u l  y e a r  c l a s s e s  and s u b s e q u e n t l y  i n  
com mercial c a t c h .  Large c r o a k e r  from  t h e  s u c c e s s f u l  1974 y e a r  c l a s s
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were caugh t a s  l a t e  as  1980, s e t t i n g  a  Maryland S port F i s h in g  Tournament 
c i t a t i o n  re c o rd  (Boon 1981).  At th e  same t im e  t h a t  th e  c ro a k e r  was once 
a g a i n  e x p a n d in g  n o r t h w a r d ,  c a t c h e s  i n  H o r th  C a ro l in a  were i n c r e a s in g  
w e l l  beyond what was p r e v io u s ly  re c o rd e d  f o r  t h a t  s t a t e .  The r e s u l t  was 
t h a t  N o r th  C a ro l in a  u su rped  V i r g i n i a ' s  p l a c e  in  c ro a k e r  dom inance. The 
s h o r t - l i v e d  warming tTend and acc o m p an y in g  i n c r e a s e d  f i s h i n g  e f f o r t ,  
w e re  f o l l o w e d  b y  a  f a l l  i n  l a n d i n g s  a t  t h e  end o f  th e  1 9 7 0 's .  N orth  
C a ro l in a  s t i l l  p re d o m in a te s ,  however.
The G eographic C en te r  o f  th e  F is h e ry
Host o f  t h e  M id -A tla n t ic  B ight c ro a k e r  la n d in g s  come f ro m  t h e  
C h e s a p e a k e  Bay (McHugh and G in te r  1978) and d i s c u s s io n  o f  t h a t  f i s h e r y  
u s u a l l y  c o n s id e r s  V i r g in i a  and  M ary lan d  t o g e t h e r  (McHugh 1 9 7 7 b ,  W ilk  
1 9 8 1 ,  R o t h c h i l d  e t  a l .  1 9 8 1 ) .  C r o a k e r  r a n k e d  se c o n d  i n  p o u n d s  
(1 3 ,0 3 9 ,7 9 5 )  and d o l l a r s  ($361,479) o f  f i n f i s h  ta k e n  in  t h e  C h e s a p e a k e  
Bay, V i r g in i a  in  1920 (H ild eb ra n d  and Schroeder 1928) compared to  a 1977 
ra n k  o f  f i r s t  (7 ,0 4 4 ,1 8 9  pounds, $697 ,803 )  ( Z a b o r s k i  1 9 7 9 ) .  A l th o u g h  
d e t a i l e d  e f f o r t  d a t a  a r e  n o t  a v a i l a b l e  f o r  t h e  Chesapeake Bay, tim e 
s e r i e s  o f  r e l a t i v e  f l u c t u a t i o n  o f  e f f o r t  s i n c e  1934 a r e  p r e s e n t e d  f o r  
th e  Bay as a whole (F ig u re  8 . 6 ) .
An a n a l y s i s  o f  th e  p e rc e n ta g e  o f  combined V i r g i n i a - M a r y l a n d -  
N o r t h  C a r o l i n a  c a t c h ,  by  s t a t e ,  r e v e a l s  t h a t  M a r y l a n d ' s  h i g h e s t  
c o n t r i b u t i o n  was 23% in  1951 and has  been below 10% s i n c e  1956 ( F i g u r e  
8 . 7 ) .  The M a ry la n d  c a tc h  c o n t r i b u t i o n  was l e s s  th a n  b o th  V i r g in i a  and 
N orth  C a ro l in a  in  a l l  y e a rs  excep t 1950 when i t  a p p r o x i m a t e l y  e q u a l l e d  
t h e  c a t c h  o f  N o r t h  C a r o l i n a .  T h o u g h  t h e r e  a r e  no q u a n t i t a t i v e  
r e c r e a t i o n a l  s t a t i s t i c s ,  i t  h as  been  shown t h a t  M ary lan d 's  r e c r e a t i o n a l
F ig u re  8 .6
R e la t iv e  f l u c t u a t i o n  o f  e f f o r t  f o r  f o u r  p r i n c i p a l  g e a r  
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F ig u re  8 .7
T o t a l  V i r g i n i a ,  K o r th  C a r o l i n a  and  M a ry la n d  c r o a k e r  
c a t c h ,  1 9 3 4 ,  1 9 3 6 -4 0 ,  1 9 4 5 ,  and 1 9 5 0 -7 9 ,  d i v i d e d  by 





c r o a k e r  c a t c h  was 12 t i m e s  i t s  c o m m e rc ia l  c a t c h  in  1979 ( W i l l i a m s , 
S p i e r ,  E a r l y  and  S m ith  1 9 8 2 ) .  S in c e  t h e  1974 New J e r s e y  t o  N o r t h  
C a r o l i n a  r e c r e a t i o n a l  c a t c h  w s e  f o u r  t i m e s  th e  com parable com m ercial 
c a t c h  (McHugh 1 9 7 7 a ) ,  i t  i s  l i k e l y  t h a t  V i r g i n i a  and N o r th  C a r o l i n a  
r e c r e a t i o n a l  c a tc h e s  a r e  a l s o  s i g n i f i c a n t l y  l a r g e r  th a n  t h e i r  com m ercial 
c a t c h e s .  The d i f f e r e n c e  between th e  V i r g i n i a  and M ary lan d  c o m m e rc ia l  
l a n d i n g s  may b e  p r im a r i l y  due to  l a rg e  c ro a k e r  c a tc h e s  a t  th e  Bay mouth 
in  V i r g in i a  a s  th e  c ro a k e r  c o n c e n tra te -  t o  m ig ra te  in w a rd  i n  t h e  s p r i n g  
and o u tw a rd  i n  t h e  f a l l .  A l s o ,  Maryland i s  f u r t h e r  n o r th  and c o l d e r ,  
thus  in  th e  y e a rs  o f  reduced  ra n g e  and s t o c k  s i z e ,  c r o a k e r  a r e  n o t  a s  
l i k e l y  to  m ig ra te  i n t o  Maryland w a te r s .
F ig u re  8.7  em phasizes  t h e  r e c e n t  d r a m a t i c  s h i f t  i n  c r o a k e r  
la n d in g s  from V ir g in ia  t o  North C a r o l in a .  T h is  r e p r e s e n t a t i o n ,  t o g e th e r  
w i th  th e  o v e r a l l  c a tc h  s t a t i s t i c s  shown in  F ig u re  8 .1  and th e  f a c t  t h a t  
82% o f  t h e  A t l a n t i c  c o a s t  r e c r e a t i o n a l  l a n d in g s  a r e  in  th e s e  two s t a t e s  
(Wilk 1981), p o in t s  ou t  t h a t  th e  c ro a k e r  i s  b a s i c a l l y  a  V i r g i n i a - N o r t h  
C a r o l i n a  s t o c k .  The o v e r a l l  c ro a k e r  c a t c h  i s  dom inated by V i r g i n i a ' s  
l a n d in g s ,  w ith  t o t a l  f l u c t u a t i o n s  p a r a l l e l i n g  t h o s e  o f  t h e  V i r g i n i a  
c a t c h  ( F i g u r e  8 .1 )  u n t i l  th e  r e c o r d  low c a t c h e s  in  th e  1 9 6 0 's .  At t h a t  
time th e  p a t t e r n  s h i f t e d  to  one o f  N orth  C a r o l i n a  c a t c h  p r e d o m i n a n c e .  
The V i r g i n i a  and N o r th  C a r o l i n a  c r o a k e r  f i s h e r i e s  a r e  d e t a i l e d  i n  
Appendix 8 .1  -  Text
To i n v e s t i g a t e  c r o a k e r  d i s t r i b u t i o n  t r e n d s  and  c a u s e s  I  
assumed t h a t  f i s h  caugh t n o r th  o f  Cape H a tte raB  w ere landed in  V i r g i n i a ,  
and s o u t h ,  i n  N o r th  C a r o l i n a .  As no ted  above , t h e  c o n t r a c t i o n  o f  t h e  
c ro a k e r  range i s  r e l a t e d  to  t e m p e r a t u r e  t r e n d s .  The a n n u a l  N o r f o l k ,  
V i r g i n i a  t e m p e r a t u r e  i s  shown i n  F i g u r e  8 . 8 .  I n  F i g u r e  8 . 9 ,  i t  i s
F ig u re  8 .8
A n n u a l a i r  t e m p e r a t u r e s  ( ° F ) ,  1 9 3 1 -1 9 8 2 ,  a t  N o r f o lk ,  
V i r g in i a  a i r p o r t ,  i n d i c a t e  lo n g - te rm  c l im a te  f l u c t u a t i o n s  
in  th e  M id -A tla n t ic  B ig h t .  Smooth l i n e  i s  7 - p o in t  moving 
a v e r a g e .
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F ig u re  8 .9
Annual a i r  te m p era tu re  a t  N o r f o l k ,  V i r g i n i a  c o r r e l a t e d  
w i t h  t h e  p e r c e n t  la n d e d  in  VNRXNINO AU BEORWB V i r g i n i a -  
N orth  C a ro l in a  o t t e r  t r a w l  l a n d in g s ,  ( r  ■= 0 .6 1 ,  n= 33) .
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c o r r e l a t e d  w i t h  t h e  p e r c e n t  o f  t h e  com bined  V i r g i n i a - N o r t h  C a ro l in a  
c ro a k e r  c a t c h  t h a t  was landed  i n  V i r g i n i a .  The p o s i t i v e  c o r r e l a t i o n  
( r  ■ 0 . 6 1 )  shown h e r e  i n d i c a t e s  t h a t  c ro a k e r  a r e  f a r t h e r  n o r t h  in  warm 
y e a r s ,  and so u th  in  co o l y e a r s .  S u b t r o p i c a l  s p e c i e s  w ere  r e p o r t e d  a s  
f a r  n o r t h  a s  New E n g lan d  i n  1949 (A rno ld  1951), an e x c e p t io n a l ly  warm 
y e a r  (F ig u re s  8 .2 ,  8 .3  and 8 . 4 ) .  Note t h a t  th e  1 9 5 0 's  were t h e  y e a r s  o f  
h ig h e s t  la n d in g s  in  V i rg in ia  and a re  r e p r e s e n te d  by  th e  p o i n t s  above th e  
l i n e .  B o rea l in f lu e n c e  in c re a s e d  in  t h e  e a r l y  1 9 6 0 's ,  as i n d i c a t e d  by  a  
s o u t h e r l y  d i s t r i b u t i o n  o f  m ackere l ( Scomber scombrus) in  th e  1 9 6 0 's  and 
1 9 7 0 's  (Coombs and M i t c h e l l  1 9 8 1 ) .  T e m p e r a tu r e s  w ere  w arm er in  t h e  
1 9 5 0 ' s  (McHugh 1976) th a n  in  th e  1960 'a  (C o lton  1972).  However, t h e s e  
la n d in g s  a l s o  ro s e  b ecause  i t  was p r i o r  t o  W anchese ,  N .C . b e i n g  f u l l y  
e x p l o i t e d  as  lan d in g  a re a  f o r  commercial t r a w le r s  i n  th e  1 9 7 0 's  (S .  Ross 
p e r s .  comm.), r e s u l t i n g  in  d i s p r o p o r t i o n a t e l y  l a r g e  numbers o f  t r a w l e r s  
were la n d in g  in  Hampton ( J .  D a v is ,  SCMRRC p e r s .  comm.).
In  th e  1 9 6 0 's ,  w i th  t h e  h i s t o r i c  low a b u n d a n c e  o f  c r o a k e r ,  
f e w e r  l a r g e  c r o a k e r .  The c o l d  t e m p e r a t u r e s  d u r i n g  t h a t  p e r i o d  
c o n t r a c t e d  t h e  c r o a k e r  r a n g e  s o u th w a r d .  The r e s u l t  was t h a t  f e v e r  
t r a w l e r s  from  V irg in ia  f i s h e d  f o r  c r o a k e r .  A p p a ren tly  renewed i n t e r e s t  
i n  o f f s h o r e  f i s h e r i e s ,  which in c re a s e d  th e  number o f  t r a w l e r s  la n d in g  in  
V i r g i n i a  by  160% from  1970 to  1978 (Z a b o rsk i  1979),  i s  a t t r i b u t a b l e  t o  
i n c r e a s e d  a b u n d a n c e  as  w e l l  a s  t h e  w arm  y e a r s  o f  t h e  m i d - 1 9 7 0 ' s  
e x p a n d in g  t h e  r a n g e  o f  c r o a k e r .  The t r o u b l e  k eep in g  Oregon I n l e t  open 
t o  t r a w le r s  f o r  th e  l a s t  two to  t h r e e  y e a r s  has fo rc e d  more l a n d i n g s  i n  
H a m p to n ,  V i r g i n i a  (M. O e s t e r l i n g ,  VIMS p e r s .  com m .) ,  b u t  h a s  n o t  
s i g n i f i c a n t l y  r a i s e d  th e  p e r c e n t  o f  c r o a k e r  landed  in  V i r g i n i a  in  1 9 8 0 -  
1982 compared to  th e  combined V i rg in ia -N o r th  C a ro l in a  c a tc h  (F ig u re  8 .9 )
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s u p p o r t i n g  t h e  c o r r e l a t i o n  b e t w e e n  c r o a k e r  l a n d i n g  p l a c e  a n d  
t e m p e r a t u r e .  T hese  l a n d i n g s  a r e  f o r  c a l e n d a r  y e a r s  and  t h e r e f o r e  
in c lu d e  th e  sp r in g  m ig ra t io n  one y e a r  t o g e th e r  w i th  t h e  f a l l  m i g r a t i o n  
t h e  n e x t  y e a r .  B ecause  o f  m u l t i p l e  a s s u m p tio n s  due t o  la c k  o f  e x a c t  
d a t a ,  t h i s  c o r r e l a t i o n  c a n  o n l y  b e  i n t e r p r e t e d  a s  an  i n d i c a t o r  o f  
c ro a k e r  d i s t r i b u t i o n  on an  in t e r a n n u a l  t im e s c a l e .
Age Composition
To e v a l u a t e  t h e  im p a c t  o f  f i s h i n g  on t h e  c r o a k e r  s t o c k ,  
com posi t ion  as w e l l  as  abundance o f  c a t c h  must be  c o n s id e r e d .  A b r e a k ­
down o f  c a t c h  by  g e a r  f o r  i n d i v id u a l  y e a r s ,  from  p u b l ish e d  so u rc e s  and 
c o l l e c t i o n s  D. Haven (unpub. d a t a . )  and I  have m ade, i s  shown i n  T a b l e  
8 . 1 .  B o th  s i z e  a t  f i r s t  e n t r y  and common s i z e  when f i r s t  r e c r u i t e d  to  
th e  f i s h e r y  seem t o  be a f a c t o r  o f  g e a r  t y p e .  W ith  few e x c e p t i o n s ,  
t h e r e  i s  a  p r o g r e s s i v e  i n c r e a s e  in  s i z e  a t  e n t r y  from long h a u l  s e in e  
t h r o u g h  pound  n e t ,  h a u l  s e i n e ,  o t t e r  t r a w l  t o  g i l l  n e t .  T he  1 9 4 9  
th ro u g h  1953 t o t a l  V i rg in ia  g i l l  n e t  c a tc h  o f  c ro a k e r  was o n ly  4% o f  th e  
1944 c a t c h .  This i n d i c a t e s  a la c k  o f  o ld e r  f i s h ,  s i n c e  s i z e  c a u g h t  b y  
g i l l  n e t s  i s  g e n e r a l l y  l a r g e r  ( T a b l e  8 . 1 ) .  As th e  c ro a k e r  abundance 
d ec re ase d  a t  t h i s  t i m e ,  t h e  p e r c e n t  c a u g h t  b y  o t t e r  t r a w l s  and h a u l  
s e in e s  ro s e  w h ile  th e  p e rc e n t  caugh t by pound n e t s ,  which n o rm a l ly  c a t c h  
s m a l le r  f i s h ,  d e c l in e d  ( P e r lm u t te r  1959),  i n d i c a t i n g  weak r e c r u i t m e n t .  
I n  r e c e n t  y e a rs  th e  upper l i m i t  o f  th e  c a t c h  h as  been  m arkedly  d e c re a se d  
a s  fewer l a r g e r  f i s h  a re  now a v a i l a b l e .  Only 1 o r  2 y e a r  c l a s s e s  now 
make up th e  m a jo r i ty  o f  th e  c a t c h e s .
To i n v e s t i g a t e  lo n g  r a n g e  t r e n d s  w h ic h  may b e  m a sk e d  b y  
i n t e r a n n u a l  v a r i a b i l i t y  and t o  i n v e s t i g a t e  c a tc h  co m p o s i t io n  in  more
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d e t a i l ,  3 t o  6 y ea r  com posite  c a tc h e s  o f  ju v e n i l e  ( r e s e a r c h )  and a d u l t  
( c o m m e r c i a l )  l e n g t h / f r e q u e n c i e s  a t  app ro x im ate ly  2 5 -y ea r  i n t e r v a l s  a re  
p l o t t e d  (F ig u re s  8 .1 0 ,  8.11 and 8 . 1 2 ) .  S o u rc e s  and  g e a r  a r e  d e t a i l e d  
f o r  e a c h  i n  th e  Methods s e c t i o n s ,  b u t  in  g e n e r a l ,  r e s e a r c h  samples were 
from bo tto m  t r a w l s ,  summer commercial samples were from pound n e t s ,  long 
and common h a u l  s e in e s  a n d /o r  g i l l  n e tB ,  w h i le  w in te r  com m ercial samples 
w ere  f ro m  o t t e r  t r a w l s .  D a ta  shown f o r  1 9 25 -31  an d  1 9 7 8 - 8 0  w e r e  
c o l l e c t e d  in  and around Pam lico Sound, N orth  C a ro l in a  and 1949-55 i n  th e  
York R iv e r ,  V i r g in i a .
Though t h e  r e s e a r c h  and commercial g e a r  d i f f e r e d  over t im e ,  
th e  s u s c e p t i b i l i t y  i s  dem onstated  by s i z e  rangeB c o l l e c t e d .  T h e s e  d a t a  
a r e  c o m p a r a b l e  f o r  t h e  p u r p o s e  o f  B how ing  t r e n d s  i n  ag e  c l a s s  
c o m p o s i t i o n  due  t o  g e a r  e f f i c i e n c y  and  a p p l i c a b i l i t y .  P r o t r a c t e d  
c r o a k e r  s p a w n in g  r e s u l t s  i n  c o n t i n u o u s  r e c r u i t m e n t  and o v e r l a p p in g  
a g e / s i z e  c l a s s e s .  P ro b ab le  age c l a s s e s  have been d e s ig n a t e d .
B o th  s i m i l a r i t i e s  and  d i f f e r e n c e s  a r e  found when comparing 
t h e s e  t h r e e  6 e t s  o f  l e n g t h / f r e q u e n c i e s . R e s e a r c h  c o l l e c t i o n s  o f  
j u v e n i l e s  i n  t h e  1 9 2 0 's  ( F i g u r e  8 . 1 0 )  show l i t t l e  a p p a r e n t  m onthly  
in c r e a s e  in  s i z e ,  which i s  i n d i c a t i v e  o f  c o n t i n u o u s  r e c r u i t m e n t .  The 
c o l l e c t i o n s  i n  t h e  1 9 5 0 ' b ( F i g u r e  8 . 1 1 )  and 19 7 0 's  (F ig u re  8 .1 2 )  had 
l a r g e r  j u v e n i l e  modal s i z e s  and in c r e a s e d  g r o w th ,  w i t h  t h e  c a t c h e s  in  
V i r g i n i a  b e in g  s l i g h t l y  l a r g e r  th an  th o s e  in  N orth  C a r o l in a .  These may 
be r e a l  d i f f e r e n c e s  a t t r i b u t e d  t o  e a r l i e r  movement i n t o  t h e  Bay o r  
f a s t e r  g ro w th  r a t e s  i n  V i r g i n i a ,  o r  amy be  a  r e s u l t  o f  th e  sam p lin g .  
The 19 2 0 's  d a ta  c o l l e c t e d  a t  B eau fo r t  I n l e t  i s  expec ted  to  hav e  s m a l l e r  
j u v e n i l e s  m oving  in w ard  t h a n  e i t h e r  th e  1970 's  samples w i th in  Pam lico  
Sound and i t s  t r i b u t a r i e s  o r  th e  1 9 50 's  sam p les ,  s t i l l  f a r t h e r  f ro m  t h e
F ig u re  8 .10
Composite l e n g th / f r e q u e n c ie s  from r e s e a r c h  and com mercial 
s a m p l e s  1 9 2 5 - 3 1  ( a f t e r  H i g g i n s  an d  P e a r s o n  1 9 2 7 ,  
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o c e a n ,  i n  t h e  York R iv e r ,  V i r g in i a .  The in s h o r e ,  upbay , down-bay, o u t -  
b a y  p a t t e r n  (Haven 1957),  d is c u s s e d  in  C h a p t e r s  3 and  6 a l s o  e x p l a i n s  
t h e  d e c r e a s e d  c a t c h e s  i n  V i r g i n i a  in  A ugust and September as one y e a r  
c l a s s  moves ou t  o f  th e  r i v e r s  b e fo re  a n o th e r  comes in  to  r e p l a c e  i t .
T h e re  a r e  no I  c ro a k e r  caugh t i n  r e s e a r c h  t r a w ls  i n s i d e  th e  
C h e s a p e a k e  Bay i n  t h e  w i n t e r  i n  V i r g i n i a  1 9 4 9 -5 5  ( F i g u r e  8 . 1 1 )  a s  
compared w i th  th e  N orth  C a ro l in a  c a tc h e s  1925-31 (F ig u re  8 .1 0 )  and 1978- 
80 (F ig u re  8 .1 2 )  though t h a t  s i z e  i s  s u s c e p t i b l e  t o  th e  g e a r .  T h i s  may 
h e  a r e s u l t  o f  c r o a k e r  a d a p t i n g  t o  t h e  c o l d e r  V i r g i n i a  w i n t e r s  by  
m ig r a t in g  ou t o f  th e  Chesapeake Bay. J u v e n i l e  l e n g th / f r e q u e n c y  a n a l y s i s  
i n  C hap ter  5 r e v e a l s  no I*  c ro a k e r  rem ain  w i th i n  th e  Chesapeake Bay o v er  
t h e  w in te r  excep t d u r in g  e x c e p t i o n a l l y  warm y e a r s  s u c h  a s  1 9 7 4 .  The 
o u t - B a y  m i g r a t i o n  o f  1 f i s h  c o n t i n u e s  t h r o u g h  D ecem ber i n  t h e  
C hesapeake, and p o s s i b ly  l a t e r  i n  N o r th  C a r o l i n a  a s  i n d i c a t e d  b y  t h e  
a p p a r e n t  d e c r e a s e  in  modal s i z e  o f  y e a r  c l a s s  I ,  December t o  Jan u a ry  in  
t h e  1 9 3 0 's  and October t o  November i n  th e  1 9 7 0 's .  However, m o s t  o f  t h e  
I *  f i s h  l e a v e  i n  t h e  f a l l ,  a s  e v i d e n c e d  by  t h e  c l o s u r e  o f  th e  North 
C a ro l in a  lo n g -h a u l  f i s h e r y  in  O c to b e r .
C o m p a r i s o n s  a n d  c o n t r a s t s  a r e  a l s o  a p p a r e n t  among t h e  
com mercial c a tc h e s  a t  th e s e  t i m e s .  Though  t h e  same age  c l a s s e s  w e re  
b e i n g  f i s h e d  a t  a l l  t h r e e  p e r io d B , th e  p e r io d s  d i f f e r e d  in  p r o p o r t io n s  
o f  abundance, e s p e c i a l l y  o f  l a r g e r  f i s h .  Few f i s h  l a r g e r  t h a n  350 mm 
w e re  t a k e n  in  th e  1 9 7 0 's ,  b u t  i t  was n o t  uncommon to  c a tc h  f i s h  g r e a t e r  
th a n  400 mm in  th e  1 9 5 0 's  and 1 9 3 0 ' s .  H o w ev er ,  t h e r e  was a  d i s t i n c t  
r e d u c t i o n  i n  p e r c e n t a g e  o f  I I I + f i s h  ta k e n  by th e  w in te r  t r a w l  f i s h e r y  
from  1925-31 ( F ig u r e  8 .1 0 )  t o  1 9 4 9 -5 5  ( F i g u r e  8 . 1 1 ) .  T h i s  c o u ld  be  
p a r t i a l l y  a t t r i b u t a b l e  to  th e  p o s s i b l e  sam pling  b i a s  toward l a r g e r  f i s h
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a s  n o te d  by P ea rso n  (1 9 3 2 ) .  D uring a l l  t im e  p e r io d s ,  in  th e  summer t h e  
f i s h e r i e s  e s s e n t i a l l y  f i s h  two y e a r  c l a s s e s ,  I  and 11 . As th e  summer 
p r o g r e s s e s ,  r e d u c t io n  i n  c a t c h  o f  l a r g e r  f i s h  i s  fo u n d  due  t o  f i s h i n g  
p r e s s u r e  and o u t-b a y  m ig r a t io n .
One y e a r  c l a s s  ( 1 1 )  p r i m a r i l y  v a s  f i s h e d  in  t h e  1 9 2 0 ' s ,  
y o u n g e r  f i s h  ( I )  w ere  r e c r u i t e d  t o  t h e  f i s h e r y  d u r in g  th e  1 9 5 0 's  and 
com prised  a s i g n i f i c a n t  p o r t i o n  o f  th e  O ctober c a tc h  d u r in g  t h e  1 9 7 0 ' s .  
S i z e  a t  f i r s t  e n t r y  in to  th e  commercial c a t c h  appeared to  d e c re a se  o v er  
tim e ( f o r  g e a r  s p e c i f i c  s i z e s  s e e  T a b le  8 . 1 ) .  The 1 9 2 0 's  and  1 9 5 0 's  
e n t r y  s i z e  averaged  about 150 mm, though be ing  s l i g h t l y  s m a l le r  in  June 
and s l i g h t l y  l a r g e r  f o r  th e  w in te r  t r a w l  o f  th e  e a r l i e r  p e r i o d .  F i s h  
120 mm w ere  r o u t i n e l y  r e c r u i t e d  to  the  f i s h e r y  i n  th e  1930 's  from J u ly  
th ro u g h  O ctober as  l a r g e r  f i s h  were no lo n g e r  a v a i l a b l e .
S i g n i f i c a n t  c h a n g e s  in  t h e  f i s h e r y  h a v e  o c c u r r e d  o v er  55 
y e a r s .  One h as  been  th e  reduced  s i z e  a t  r e c r u i tm e n t  and t h e  i n c r e a s e d  
p e r c e n t a g e  o f  c a t c h  t h a t  has n o t  y e t  reach ed  sex u a l  m a tu r i t y .  C roaker 
a r e  th o u g h t t o  m ature  a t  age 11 as  th e y  f i r s t  m ig ra te  onto  t h e  s h e l f  t o  
spaw n ( D ia z  1982) . Thus a l l  c ro ak e r  w i th in  th e  bays and sounds age I  
o r  l e s s  h a v e  p r o b a b l y  n e v e r  sp aw n ed .  I n  t h e  1 9 2 0 's  ( F i g u r e  8 . 1 0 )  
im m atu re  I  and  I I  ( O c to b e r )  c ro ak e r  were taken  in  th e  sound, though 
th e y  o n ly  c o m p r i s e d  a s u b s t a n t i a l  p o r t i o n  o f  t h e  c a t c h  in  J u n e  and  
O c t o b e r .  The w i n t e r  t r a w l  f i s h e r y  a p p e a r e d  t o  f i s h  few  t h a t  w ere  
im m ature. A l a r g e r  p r o p o r t i o n  o f  th e  c ro a k e r  were im m atu re  a t  c a p t u r e  
i n  t h e  1 9 5 0 ' s  ( F i g u r e  8 .1 1 ) ,  w i th  0+ f i s h  r e c r u i t e d  to  th e  f i s h e r y  in  
September and immature I  and I I  c o n t r i b u t i n g  th e  m a jo r i t y  o f  th e  October 
c a t c h .  Though t h e  w i n t e r  t r a w l  f i s h e r y  c a u g h t  many m ature  tw o-year  
( I I +) o l d s ,  i t  a l s o  took  many immature o n e - y e a r  o l d s  ( I + ) ,  u n l i k e  t h e
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1920" b . I n  th e  1970'b (F ig u re  8 . 1 2 ) ,  few m ature  f i s h  were c a u g h t .  Age 
I I + p r e d o m in a te d  i n  A p r i l  o n l y ,  th o u g h  c o n t r i b u t e d  a  s i g n i f i c a n t  
p r o p o r t i o n  o f  th e  May c a t c h .  However, in  1980,  th e  tw o-year o ld  s p r in g  
component was a b s e n t  from th e s e  c a tc h e s  (Ross and C a rp en te r  1983b).
From June th rough  August th e  m a jo r i t y  o f  th e  f i s h  caugh t were 
immature I  (DeVries 1980).  R ec ru i tm en t o f  0 c r o a k e r  b e g a n  i n  J u l y ,  
c o n t r i b u t i n g  th e  b u lk  o f  the  c a tc h  by September and O c to b e r .  No w in te r  
t r a w l  d a t a  a re  a v a i l a b l e  f o r  t h i s  tim e t o  a l l o w  c o m p a r i s o n ,  b u t  i t  i s  
assumed, baBed on the  1 9 50 's  commercial d a ta  and r e s e a r c h  d a ta  (S .  W ilk , 
NOAA/NMFS/Sandy Hook Lab u n p u b .  d a t a )  t h a t  t h e  t r a w l  f i s h e r y  i s  
p r e s e n t l y  f i s h i n g  t h e  im m atu re  I*  and m ature  I I + and o ld e r  c ro a k e r  on 
th e  s h e l f .  S h o la r  (1 9 7 9 )  p r e s e n t s  p r e l i m i n a r y  a g in g  d a t a  f ro m  444 
c r o a k e r  t a k e n  by th e  1978 long h au l  s e in e  and pound n e t  f i s h e r i e s .  His 
r e s u l t s  show a g e /p e r c e n t  d i s t r i b u t i o n s  as  fo l lo w s :  0 + , 1.4%; I + , 60%;
I I * ,  34.2%; H I * ,  4.3%. These r e s u l t s  d e p ic t  th e  f i s h  as  o ld e r  th an  I  
h a v e  d e s c r i b e d .  S in c e  he d i d  n o t  s p e c i f y  d a t e  o f  c o l l e c t i o n  a n d  
a s s ig n m e n t  o f  b i r t h d a y ,  and he  c o n c lu d e d  b e t t e r  ag ing  te c h n iq u e s  a r e  
n eeded ,  my i n t e r p r e t a t i o n s  may n o t  be i n c o n s i s t e n t  w i th  h i s  r e s u l t s .
S iz e  a t  m a t u r i t y  v a r i e s ,  b u t ,  in  th e  f a l l ,  mean s i z e  a t  100% 
m a tu r i t y  i s  260 mm. Because o f  v a ry in g  spawning t im es  and grow th r a t e s ,  
t h i s  s i z e  i s  d i f f i c u l t  to  a p p ly .  While th e  s i z e  o f  th e  in d i v id u a l  f i 6 h  
canno t d e c re a se  as  i t  ap p ea rs  to  in  th e  w in te r  ( F i g u r e s  8 . 1 0 ,  8 .1 1  and 
8 . 1 2 ) ,  t h e  modal s i z e  o f  th e  c o h o r t  d e c re a se s  as  i t s  l a r g e r  members a r e  
f i s h e d  o u t .  Thus i t  i s  d i f f i c u l t  to  s e p a ra te  th e  s m a l le r  m ature I I *  and 
t h e  l a r g e r  im m atu re  I *  f i s h  by  th e se  l e n g th s .  I  a s s ig n e d  260 mm, th e  
le n g th  o f  100% m a t u r i t y  when t h e  summer w in d s  c e a s e  i n  mid t o  l a t e  
A u g u s t ,  a s  t h e  d i v i s i o n  b e tw e e n  im m atu re  and m a tu re .  T h is  le n g th  a t
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1002 m a tu r i t y  was chosen  because  th e  c a t c h e s  v e r e  a l l  i n s i d e  t h e  b a y s  
and  s o u n d s ,  p r e v i o u s  t o  t h e  o u t - b a y  m i g r a t i o n  t o  sp av n .  Even though 
some o f  th e s e  f i s h  a re  o ld  enough o r  l a r g e  enough to  spawn f o r  th e  f i r s t  
t i m e ,  s i n c e  t h e y  w ere  c a u g h t  i n  t h e  B ay, t h e y  had  n o t  y e t  h ad  t h e  
o p p o r tu n i ty  t o  spawn. The p e r c e n t  o f  t h e  c o m m e rc ia l  c a t c h  t h a t  was 
im m a tu re ,  i . e . ,  l e s s  t h a n  260 mm ( 1 0 . 2  i n c h e s )  was c a l c u l a t e d  June 
th ro u g h  O c to b e r .  The p e r c e n t  o f  im mature c r o a k e r  c a u g h t  c o m m e r c i a l l y  
w i t h i n - t h e - b a y  r o s e  from 61 .0  Z i n  th e  1 9 2 0 's ,  to  6 9 .2Z i n  th e  1 9 5 0 's ,  
and in c re a s e d  t o  8 5 .7Z in  the  1 9 7 0 's  (F ig u re s  8 .1 0 ,  8 .11  and 8 . 1 2 ) .  The 
r e s u l t  i s  t h a t  few c r o a k e r  s u r v i v e  t o  m i g r a t e  o u t  o n to  th e  s h e l f  to  
spawn and t h a t  a  sm all  p e rc e n ta g e  o f  th e  biom ass r e p o r te d  as  c o m m e rc ia l  
c a tc h  a c t u a l l y  c o n t r i b u t e s  to  th e  spawning s t o c k .
CONCLUSIONS
C l i m a t i c  change has  s h i f t e d  th e  d i s t r i b u t i o n  o f  th e  c r o a k e r .  
T h is  a f f e c t s  th e  c ro ak e r  by re d u c in g  th e  a r e a  a v a i l a b l e  t o  i t  an d  a l s o  
a f f e c t s  t h e  f i s h e r m e n  by m ak in g  t h e  c r o a k e r  l e s s  a c c e s s i b l e  to  them, 
i . e . ,  w i t h  t h e  s o u th w a rd  m ovem ent,  c r o a k e r  a r e  l e s s  a v a i l a b l e  t o  
V i r g in i a  g e a r .  The c o ld  w in te r  te m p e ra tu re s  in  th e  Chesapeake Bay s in c e  
1977 have  s e v e r e ly  reduced  j u v e n i l e  r e c r u i tm e n t  r e s u l t i n g  in  b o t h  N o r th  
C a ro l in a  and V i r g in i a  r e ly i n g  on r e c r u i tm e n t  from North C a r o l in a .  North 
C a r o l in a  h a s  ch an g e d  i t s  m e thod  o r  r e p o r t i n g  l a n d i n g s  by i n c l u d i n g  
l a n d i n g s  o f  c r o a k e r  f ro m  t r a w l e r s  o th e r  th a n  f i s h  t r a w l s .  These f i s h  
were cau g h t  p r e v io u s l y ,  b u t  n o t  r e p o r t e d ,  t h u s  a p p e a r i n g  t o  i n c r e a s e  
North C a r o l in a  la n d in g s  in  r e c e n t  y e a r s .  A d d i t i o n a l l y ,  s in c e  th e  r e c o rd  
low c a t c h e s  o f  th e  l a t e  1960 's  and e a r l y  1 9 7 0 's ,  e f f o r t  h as  in c re a s e d  in
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N o r th  C a r o l i n a .  From 1971 t o  1975,  b o th  c a t c h  and e f f o r t  o f  long h a u l  
s e in e  crew s in c re a s e d  s u b s t a n t i a l l y  (DeVries 1980) .  S ince  t h e  d r a m a t i c  
r i s e  i n  c r o a k e r  la n d in g s  began  in  N orth  C a ro l in a  in  1973,  an average  o f  
46Z o f  ea c h  y e a r ' s  la n d in g s  have been  caught in  h au l  s e in e s  (DeVries and 
R o 8 B . 1 9 8 3 ) ,  B e s i d e s  i n c r e a s i n g  l a n d i n g s  i n  N o r th  C a r o l i n a ,  t h i s  
in c re a s e d  e f f o r t  a l s o  d e c re a se d  numbers o f  f i s h  s u rv iv in g  to  m i g r a t e  t o  
t h e  C h e s a p e a k e  t h e  f o l l o w i n g  sum m er, and r e d u c e d  th o s e  s u rv iv in g  t o  
spawning a g e .
S ince f i s h in g  d e c r e a s e s  th e  number o f  age c l a s s e s  p r e s e n t ,  one 
o r  two bad r e p r o d u c t iv e  y e a r s  has g r e a t e r  e f f e c t  on th e  s i z e  o f  a  f i s h e d  
p o p u la t io n  th an  an u n f is h e d  p o p u la t io n s  (E o ts fo rd  1 981) .  Because o f  th e  
e n v iro n m e n ta l  v u l n e r a b i l i t y  o f  l a rv a e  on t h e  s h e l f  ( C h a p t e r s  4 and 6 )  
a n d  j u v e n i l e B  i n  t h e  e s t u a r i e s  ( C h a p t e r  7 ) ,  y e a r - c l a s s  s t r e n g t h  
f l u c t u a t e s  m arkedly  in  c r o a k e r .  I t  i s  th e se  f l u c t u a t i o n s ,  to g e th e r  w i th  
f i s h i n g  p r e s s u r e ,  t h a t  caused  th e  h i s t o r i c  v a r i a b i l i t y  i n  c ro a k e r  c a t c h .  
S in ce  p o p u la t io n s  b e in g  h a r v e s t e d  f o r  s u s t a i n e d  y i e l d  t a k e  lo n g e r  t o  
r e c o v e r  f ro m  e n v i r o n m e n t a l l y  imposed d i s tu rb a n c e s  (B eddington  and Hay 
1977) ,  c ro a k e r  shou ld  be managed a c c o rd in g  to  th e  s u c c e s s  o f  e a c h  y e a r  
c l a s s .
Sub Model I I I  ( F i g u r e  8 . 1 3 )  c o n c i s e l y  r e p r e s e n t s  t h e  
i m p o r t a n c e  o f  y e a r - c l a s s  s t r e n g t h  in  c r o a k e r .  O v e r f ish in g  a weak y e a r  
c l a s s  w i l l  p o t e n t i a l l y  r e d u c e  s p a w n i n g ,  r e f e r r e d  t o  a s  g r o w t h  
o v e r f i s h i n g  (when f i s h i n g  m o r t a l i t y  t a k e s  sm all  f i s h ,  n ever  g iv in g  them 
a  chance t o  m a tu r e ) . This i s  r e p r e s e n te d  in  th e  f i r s t  p a r t  o f  Sub Model 
I I I .  S e v e r a l  weak y e a r  c l a s s e s  i n  s u c c e s s i o n  i n c r e a s e s  th e  f i s h i n g  
p r e s s u r e  on each  in d i v id u a l  y e a r  c l a s s ,  shown in  th e  second p a r t  o f  Sub 
M o d e l  I I I  ( F i g u r e  8 . 1 3 ) ,  f u r t h e r  r e d u c i n g  s p a w n i n g  p o t e n t i a l .
F ig u re  8 .13
Sub M odel I I I :  C r o a k e r  c o m m e rc ia l  c a t c h  i s  dependent
upon i n d i v i d u a l  y e a r - c l a s s  s t r e n g t h  and  age  c o m p o s i t i o n  
















































+ +C o n v e rse ly ,  f i s h i n g  p r e s p a v n e r s ,  0 and I  , i s  a c c e p t a b l e  when y e a r  
c l a s s e s  a re  s t r o n g .  A f l e x i b l e  management p la n  cou ld  contend w ith  t h i s .
I t  may be t h a t  y e a r - c l a s s  s t r e n g t h  w i th i n  t h e  C h e sa p e a k e  Bay 
makes th e  d i f f e r e n c e  between an in a d eq u a te  and a f l o u r i s h i n g  f i s h e r y  f o r  
c r o a k e r .  S u c c e s s fu l  r e c ru i tm e n t  i n  th e  Bay i s  d e p e n d e n t  upon  t im e  o f  
t h e  summer w ind  c e s s a t i o n  and c l i m a t e  c o n d i t i o n s  g o v ern in g  spawning 
a r e a  o ver  a  p e r io d  o f  y e a r s ,  s u c c e s s f u l  t r a n s p o r t  o f  l a r v a e  i n t o  t h e  
Bay, and warm w in te r  t e m p e ra tu re s .  R ecru itm en t i s  no t  s t a b l e .  However, 
t h e r e  a re  few er en v iro n m en ta l  p e r t u r b a t i o n s  a f f e c t i n g  N o r th  C a r o l i n a  
r e c r u i t s ,  hence i t  i s  more c o n s i s t e n t .  N orth  C a ro l in a  r e c r u i t s  p ro b ab ly  
m i g r a t e  n o r t h  and c o n t r i b u t e  t o  t h e  summer c r o a k e r  f i s h e r y  i n  t h e  
Chesapeake Bay. T h e re fo re ,  in  y e a r s  o f  poor r e c ru i tm e n t  in  th e  Bay, the  
c ro a k e r  from North C a ro l in a  may be th e  s o le  so u rce  f o r  th e  f i s h e r y .
T h e re  i s  no s i z e  l i m i t  f o r  c r o a k e r  in  N orth  C a r o l in a .  The 
l i m i t  in  V i r g in ia  i s  8 inches  (200 mm). A ccording to  th e  i n v e s t i g a t i o n  
o f  l e n g t h  a t  m a tu r i t y  in  C hapter 4 . 1 ,  50% o f  th e  200 mm c ro a k e r  w i l l  be 
m atu re  in  y e a r s  o f  e a r l y  summer w ind  c e s s a t i o n  ( F i g u r e  4 . 2 . 6 ) .  The 
p e r c e n t  d ro p s  as  th e  wind c e s s a t i o n  i s  d e la y e d .  A ls o ,  a cc o rd in g  to  th e  
le n g th / f r e q u e n c y  a n a ly s i s  h e re  based  on s i z e  a t  100% m a tu r i t y  w i th in  th e  
Bay (2 6 0  mm), ap p ro x im ate ly  85% o f  th e  f i s h  caugh t i n s id e  th e  e s t u a r i e s  
h a v e  n e v e r  spawned ( F i g u r e  8 . 1 4 ) .  O v e r f i s h i n g  i s  show n  t o  b e  an  
i m p o r t a n t  f a c t o r  a f f e c t i n g  s to c k  s i z e  when r e c r u i tm e n t  has  been p o o r ,  
Sub Model I I I  (F ig u re  8 .1 3 ) .  T h e re fo re ,  I  p ropose  t h a t  t h e  y e a r - c l a s s  
s t r e n g t h  o f  c r o a k e r  be  a s s e s s e d  y e a r l y  and  t h a t  t h e  r e s t r i c t i o n s  of 
c ro a k e r  be a d ju s te d  acc o rd in g  to  th o se  f i n d i n g s .  When t h e  y e a r - c l a s s  
s t r e n g t h ,  a s  I  h av e  d e t e r m in e d  i t  in  C h a p t e r  7 i s  l e s s  t h a n  1 . 0 0 ,  
c ro a k e r  shou ld  no t  be l e g a l l y  caught u n le s s  th e y  a r e  10 in c h es  (260 mm).
F ig u re  8 .1 4
Length o f  c ro a k e r  a t  50% and 100% m a tu r i t y  in  r e l a t i o n  to  
t im e  o f  summer wind c e s s a t i o n ,  8 and 10 in ch  s i z e  l i m i t s  
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I f  t h e  in d e x  i s  be tw een  1 .00  and 2 0 .0 0 ,  th e y  cou ld  be f i s h e d  acc o rd in g  
to  th e  p r e s e n t  la w ,  a t  8 i n c h e s  (200  mm). I f  t h e  y e a r  s t r e n g t h  i s  
g r e a t e r  th a n  2 0 .0 0 ,  th e r e  i s  no need f o r  r e s t r i c t i o n s .
T h is  i s  n o t  a s  i n d u l g e n t  a s  i t  f i r s t  a p p e a r s  w h en  o n e  
c o n s i d e r s  North C a ro l in a  i s  p r e s e n t l y  f i s h i n g  under  th e  l a s t  s u g g e s t io n  
and t h a t  c ro ak e r  under 8 in c h es  a r e  m arke ted  in  V i r g i n i a .  The o b j e c t iv e  
i s  t o  m anage t h e  s t o c k  so  t h a t  i t  w i l l  n o t  be d e c re a se d  below  a  s i z e  
such t h a t  i f  an u n fa v o ra b le  e n v i ro n m e n ta l  i n c i d e n t  w ere  t o  o c c u r ,  t h e  
s to ck  would be n e g a t iv e l y  a f f e c t e d .  The s to c k  shou ld  be managed so t h a t  
a  c ra s h  w i l l  no t  r e s u l t .
CHAPTER 9
S p aw ner-R ecru it  R e la t i o n s h ip :
D ensity-D ependence v e r s u s  D en s ity -In d ep en d en ce
INTRODUCTION
I s  t h e r e  a  r e l a t i o n s h i p  b e tw e e n  sp aw n in g  s t o c k  s i z e  and  
r e c r u i t m e n t ?  O ver t h e  h i s t o r y  o f  f i s h e r i e s  b i o l o g y ,  t h i s  h a s  b e e n  
i n v e s t i g a t e d  and d eb a ted  a s  e x e m p li f ie d  by C la rk  and M a r r 's  (1955) o f t -  
quoted p aper  on th e  C a l i f o r n i a  s a r d in e  f i s h e r y .  P a re n t  s to c k  s i z e  m u s t  
h a v e  a n  e f f e c t ,  t h o u g h  i t  may b e  m a sk e d ,  e v e n  when r e c r u i t m e n t  i s  
h e a v i ly  dependen t on en v iro n m en ta l  f a c t o r s  ( P a r r i s h  and M acC a l l  1 9 7 8 ) .  
The s e a rc h  f o r  r e l a t i o n s h i p s  betw een s to c k  s i z e  and r e c r u i tm e n t ,  a m ajor 
r e s e a r c h  d i r e c t i v e  f o r  y e a r s ,  h a s  i g n o r e d  o t h e r  f a c t o r s  (S h a rp  1980) 
such as d e n s i ty - in d e p e n d e n t  e f f e c t s  o f  th e  p h y s ic a l  env ironm en t.
D en s i ty -d ep e n d en ce ,  though g e n e r a l ly  presum ed, can  be d i f f i c u l t  
t o  d e m o n s t r a t e  (M a c C a l l  1 9 8 0 )  . Two k i n d s  o f  d e n s i ty -d e p e n d e n c e  a r e  
t h e o r i z e d :  a d u l t - l a r v a l  i n t e r a c t i o n s  and  l a r v a l - l a r v a l  i n t e r a c t i o n s
( H u n te r  1982) . L a r v a l  m o r t a l i t y  by p r e d a t io n  m a n i f e s t s  a s  c a n n ib a l ism  
o r  as  an i n c r e a s e  i n  p r e d a t o r s  i n  r e l a t i o n  t o  an  i n c r e a s e  i n  l a r v a l  
d e n s i t y .  D e n s i t y - d e p e n d e n t  l a r v a l  m o r t a l i t y  may a l s o  be  c a u se d  by 
s t a r v a t i o n  t h r o u g h  i n t r a -  o r  i n t e r s p e c i f i c  c o m p e t i t i o n  f o r  fo o d  o r  
t h r o u g h  e x p a n s io n  o f  a  l a r g e  B to ck  f o r  spawning in  l e s s  th a n  o p tim a l
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a r e a s  where l a r v a l  fo ra g e  i s  low (H unter  1982).  Large g e o g ra p h ic  a r e a s  
w i th  ad eq u a te  food s o u rc e s ,  r e q u i r e  s t a b i l i t y  o f  food c o n c e n t r a t io n s  f o r  
s u c c e s s f u l  l a r v a l  r e c r u i tm e n t ;  l i m i t e d ,  r e l a t i v e l y  s t a b l e  a r e a s  n e e d  a 
s u i t a b l e  and c o n s i s t e n t  sou rce  o f  food (H un ter  1976).
R ecru itm en t i s  n o t  dependen t upon  sp aw n in g  s t o c k  s i z e  i n  a l l  
s p e c i e s .  T h e re  a p p e a r s  to  alw ays be enough h e r r in g  la rv a e  produced on 
G eorges Bank f o r  a  s t ro n g  y e a r  c l a s s  i f  c o n d i t i o n s  a r e  f a v o r a b l e ,  b u t  
r e c r u i t m e n t  su ccess  i s  n o t  c o n s ta n t  (Lough, B olz ,  G ro s s le in ,  and P o t t e r  
1 9 8 1 ) .  High y e a r - t o - y e a r  v a r i a b i l i t y  r e s u l t s  from th e  compounded e f f e c t  
o f  v a r i a t i o n  i n  e n v i ro n m e n t  and  i n  p a r e n t  s t o c k  s i z e  (G a r r o d  and  
C olebrook 1978).
I n  a Btock r e c r u i tm e n t  c u rv e ,  th e  e f f e c t  o f  th e  environm ent i s  
shown in  th e  v a r i a b i l i t y  o f  r e c r u i t m e n t ,  e . g .  b l u e  c r a b ,  C a l l i n e c t e s  
s a p i d u s  ( A p p le g a t e  1 9 8 3 ) ,  and  t h e  e f f e c t  o f  f i s h i n g  i s  shown in  th e  
s t a t e  o f  th e  s to c k ,  e . g .  cod , Gadus morhua (C u s h in g  and  H a r r i s  1 9 7 3 ) .  
S h o r t e r - l i v e d ,  d e n s i t y - i n d e p e n d e n t  s p e c i e s  a r e  s u b j e c t  t o  r a p i d  
f l u c t u a t i o n s  i n  a b u n d a n c e  a s  com pared  to  m ore s t a b l e ,  l o n g - l i v e d ,  
d e n s i ty -d e p e n d e n t  s p e c ie s  (Cushing 1971).  The l a t t e r  type  a r e  th u s  l e s s  
v u ln e r a b le  to  c l im a t i c  change (Cushing and H a r r i s  1 9 7 3 ) .  T h e re fo re  l e s s  
f e c u n d ,  l e s s  s t a b l e  p o p u l a t i o n s  a re  e a s i l y  damaged by o v e r f i s h i n g ,  as  
shown f o r  c lu p e o id s  (C ushing  1 9 7 1 ) .  I n  a p o p u l a t i o n  c o m p r is e d  o f  few  
y e a r  c l a s s e s  l i k e  c r o a k e r ,  p o o r  l a r v a l  o r  j u v e n i l e  s u r v i v a l  due to  
e n v i ro n m e n ta l  e f f e c t s  d e c r e a s e s  t h e  r e p r o d u c t i v e  p o t e n t i a l .  S in c e  
f i s h i n g  d e c r e a s e s ,  t h e  number o f  age c l a s s e s  p r e s e n t ,  poor r e c r u i tm e n t  
h as  a g r e a t e r  e f f e c t  on a f i s h e d  p o p u l a t i o n  th a n  on an u n f i s h e d  o n e .  
ThuB f i s h i n g  i n c r e a s e s  t h e  e f f e c t  o f  t h e  random  e n v i ro n m e n t  on 




The l o g a r i t h m  o f  r e c r u i tm e n t  i s  p l o t t e d  a g a i n s t  th e  lo g a r i th m  
o f  s to c k  and g iv e s  a  s lo p e  (b )  t h a t  i s  an  i n d e x  o f  d e n s i t y - d e p e n d e n c e  
b u t  d o e s  n o t  e s t i m a t e  d e n s i t y - d e p e n d e n t  m o r t a l i t y  (Cushing 1971) .  I f  
b ■ 1 .0  t o  0 .5 ,  th e  r e l a t i o n s h i p  i s  p r o p o r t i o n a l l y  d e n s i t y - d e p e n d e n t .  
I f  b = 0 ,  r e c r u i tm e n t  i s  indep en d en t o f  th e  s to c k .  I f  b B - 0 . 5  to  - 1 . 0 ,  
r e c r u i tm e n t  i s  a l s o  d e n s i t y - d e p e n d e n t ,  though in v e r s e l y  p r o p o r t i o n a l  t o  
B to c k  s i z e  ( C u s h in g  and H a r r i s  1 9 7 3 ) .  The v a l u e  o f  t h i s  s l o p e  i s  
r e l a t e d  to  th e  p o s i t i o n  on s to c k - r e c r u i tm e n t  c u rv e .
L ogari thm s o f  l a r v a l  and a d u l t  abundances o f  c ro a k e r  c o l l e c t e d  
s im u l ta n e o u s ly  on NMFS/MARMAP c r u i s e s  ( s e e  M ethods, C h ap te rs  4 . 2  and  6 )  
w ere  u s e d  a s  i n d i c e s  o f  r e c r u i t m e n t  and Btock s i z e  r e s p e c t i v e l y .  The 
s lo p e  o f  th e  r e g r e s s i o n  l i n e  (b  = 0 .4 6 3 ,  nB7 ) ,  i s  th e  index  o f  d e n s i t y -  
d e p e n d e n c e  ( F i g u r e  9 . 1 ) .  T h e re  i s  n o t  a  s t r o n g  d e n s i t y - d e p e n d e n t  
r e l a t i o n s h i p .  T h is  r e l a t i o n s h i p  was n o t  s i g n i f i c a n t l y  improved when th e  
sam p le  s i z e  was r e d u c e d  t o  f i v e  a n d  a d u l t s  were a d j u s t e d  f o r  p e r c e n t  
m a tu r i t y  as  d is c u s s e d  i n  C h a p te r  4 . 2 .  T h i s  d e n s i t y - d e p e n d e n c e  in d e x  
assumes th e  environm ent has had no e f f e c t .  However, in  r e a l i t y ,  such an 
i n s t a n t a n e o u s  m e a s u r e m e n t  o f  s t o c k  a n d  r e c r u i t m e n t  i s  u s u a l l y  
im p o ss ib le .
T h is  r e l a t i o n s h i p  a l s o  was t e s t e d  a f t e r  c ro a k e r  r e c r u i t e d  i n t o  
t h e  C h e s a p e a k e  B ay, i . e . ,  a f t e r  th e  e f f e c t s  w ind -induced  t r a n s p o r t ,  as  
d is c u s s e d  i n  C hap ter  6 ,  were c o n s id e r e d .  The O ctober y o u n g - o f - t h e - y e a r  
VIMS t r a w l  s u r v e y  v a l u e  w as UBed a s  an  index  o f  r e c r u i tm e n t  i n t o  th e  
e s tu a r y  i n  th e  f a l l .  The t o t a l  y e a r l y  V i rg in ia -M o r th  C a r o l i n a  c r o a k e r
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F ig u re  9 .1
The r e l a t i o n s h i p  b e tw e e n  t h e  lo g  o f  a d u l t  and  lo g  o f  
l a r v a l  abundances  o f  c ro a k e r  c o l l e c t e d  s im u l ta n e o u s ly  on 
MARMAP c r u i s e s .  The s lo p e  o f  th e  r e g r e s s io n  l i n e ,  



































- o . o o




6 D A J D 1  d V W M V h
222
la n d in g s  were u sed  a s  an  i n d e x  o f  s t o c k  s i z e .  The l o g a r i t h m  o f  t h e  
in d e x  o f  r e c r u i t m e n t  ( o r d i n a t e )  was r e g re s s e d  on th e  lo g a r i th m  o f  th e  
index  o f  s to c k  s i z e  ( a b s c i s s a )  i n  F ig u r e  9 . 2 .  The s l o p e  o f  t h i s  f i t ,  
and  t h e r e f o r e  t h e  r e s u l t i n g  index  o f  d e n s i ty -d ep en d en ce  i s  0 .8 0 0 .  The 
s lo p e  (b  = 0 .800) a p p ea rs  to  be a h o r i z o n t a l  l i n e  i n  F ig u re  9 . 2  b e c a u s e  
th e  o r d i n a l  s c a l e  i s  l o g a r i th m ic ,  ran g in g  from 0 .1  to  1000.
The index  o f  d e n s i ty -d e p e n d e n c e  was c a l c u l a t e d  a g a in  u s i n g  t h e  
A p ril-S ep tem b er  y o u n g -o f - th e -y e a r  index  o f  j u v e n i l e  r e c r u i tm e n t .  Use o f  
th e  summer index m easures t h e  e f f e c t  o f  s to c k  s i z e  on r e c r u i t m e n t  a f t e r  
w i n t e r  t e m p e r a t u r e  h a s  a f f e c t e d  s u r v i v a l ,  as  d i s c u s s e d  i n  C hap te r  7 .  
The s lo p e ,  b ** 0 .388  (F ig u re  9 . 3 ) ,  i s  l e s s  t h a n  t h a t  o f  t h e  p r e v i o u s  
i n d i c e s .  T h u s ,  i n i t i a l  r e c r u i t m e n t  i s  v e ry  weakly d e n s i ty -d e p e n d e n t ,  
b u t  y e a r - c l a s s  s t r e n g t h  i s  p r i m a r i l y  d e n s i ty - in d e p e n d e n t .
Snawner-Recru i t  R e la t i o n s h ip
L e n g th /f r e q u e n c ie s  from  th e  MARMAP c o l l e c t i o n s  ( d e t a i l e d  i n  th e  
Methods s e c t i o n  o f  C hap te r  4 .2 )  were e v a lu a te d  each y ea r  by tim e  o f  wind 
c e s s a t i o n  to  d e te rm in e  le n g th  o f  50% m a tu r i t y  (Appendix 9 .1  -  F i g u r e s )  . 
The a d u l t  a b u n d a n c e  (1 9 6 8 - 1 9 8 1 )  was t h e n  a d ju s te d  f o r  p e r c e n t  m a tu re  
c r o a k e r .  There was n o t  a s t r o n g  r e l a t i o n s h i p  w i t h  e i t h e r  t h e  l a r v a l  
c r o a k e r  a b u n d a n c e  on t h e  s h e l f  o r  w i th  t h e  f a l l  j u v e n i l e  index  in  th e  
Chesapeake Bay. T h is  i n d i c a t e d  o th e r  f a c t o r s  to  be in v o lv e d .  An in d e x  
o f  a b u n d a n c e  o f  m ature  c ro a k e r  p e r  a r e a  occup ied  by c ro a k e r  showed much 
s c a t t e r  when c o r r e l a t e d  w ith  th e  f a l l  j u v e n i l e  in d e x  ( r  = 0 . 4 3 ,  n=14) 
(Appendix 9 .2  -  F i g u r e ) .
I t  i s  t h o s e  c r o a k e r  sp aw n in g  n o r t h  o f  Cape H a t t e r a s  t h a t  
p o t e n t i a l l y  c o n t r i b u t e  t o  C h e s a p e a k e  Bay r e c r u i t m e n t .  S i n c e ,  i n
F ig u re  9 .2
The r e l a t i o n s h i p  b e tw e e n  t h e  lo g  o f  t h e  s t o c k  ( t o t a l  
V i r g i n i a - N o r t h  C a r o l i n a  l a n d i n g s )  a n d  t h e  l o g  o f  
C h e sa p e a k e  Bay O c to b e r  r e c r u i t m e n t .  The s lo p e  o f  th e  
r e g r e s s i o n  l i n e ,  b ■= 0 . 8 0 0 ,  i s  t h e  i n d e x  o f  
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F ig u re  9 .3
The r e l a t i o n s h i p  b e tw e e n  t h e  lo g  o f  t h e  s t o c k  ( t o t a l  
V i r g i n i a - N o r t h  C a r o l i n a  l a n d i n g s )  a n d  t h e  l o g  o f  
Chesapeake Bay A p r i l -S ep tem b er  r e c r u i tm e n t .  The s lo p e  o f  
t h e  r e g r e s s i o n  l i n e ,  b  °  0 . 3 8 8 ,  i s  t h e  i n d e x  o f  
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C h a p te r  8 ,  I  assum ed  t r a w l  l a n d i n g s  i n  V i r g i n i a  w ere  f ro m  n o r t h  o f  
H a t t e r a s ,  I  u s e d  V i r g i n i a  t r a w l  l a n d i n g s  a s  an  in d e x  o f  s to c k  s i z e .  
These la n d in g s  a r e  by  c a le n d a r  y e a r ,  w i t h  J a n u a r y - M a r c h  i n d i c a t i v e  o f  
t h e  s t o c k  one y e a r  and October-December r e p r e s e n t a t i v e  o f  th e  s to c k  th e  
n e x t  spawning s e a s o n .  The c o m m e rc ia l  l a n d i n g s  c o r r e l a t e d  w e l l  w i t h  
MARMAP c r o a k e r  a b u n d a n c e  ( r  •= 0 . 8 4 ,  n = 9 ,  A p p en d ix  9 . 3  -  F i g u r e ) .  
T h e re fo re  I  u sed  MARMAP d a ta  to  d e te rm in e  p e rc e n t  m a tu r i t y  and a d j u s t e d  
t h e  o t t e r  t r a w l  l a n d i n g s .  T h is  index  o f  m a tu r i t y  was th e n  d iv id e d  by 
th e  a r e a  o f  bo ttom  w a te r  g r e a t e r  than  o r  equa l to  16°C , t o  i n c o r p o r a t e  
t h e  d e n s i t y  o f  t h e  s to c k  (#  m ature  i n d iv id u a l s / ( n m i )  ) ,  and c o r r e l a t e d  
i t  t o  th e  f a l l  index  o f  r e c ru i tm e n t  i n  th e  C hesapeake B ay . T h e re  i s  a 
c o r r e l a t i o n  ( r  °  0 . 6 5 ,  n = 1 4 ,  F i g u r e  9 . 4 ) ,  b u t  i t  i s  n o t  s i g n i f i c a n t  
enough to  be u sed  p r e d i c t i v e l y .  F u r t h e r ,  t h i s  c o r r e l a t i o n  r e v e a l s  much 
s c a t t e r  when th e  s to c k  s i z e  i s  low, b u t  h ig h  r e c ru i tm e n t  when th e  s to c k  
s i z e  i s  h ig h .
1 i n v e s t i g a t e d  Chaesapeake Bay and Pamlico Sound summer c a tc h e s  
a s  in d i c e s  o f  spawning s to ck  s i z e  becau se  th e  c a le n d a r  y e a r  d a t a  do n o t  
o v e r la p  spawning s e a so n s .  Most o f  V i r g i n i a ' s  w i th i n - th e - b a y  c a tc h e s  a r e  
made by pound and g i l l  n e t s ,  w h i l e  m o s t  o f  N o r th  C a r o l i n a ' s  a r e  made 
w i t h  lo n g  h a u l  s e i n e s .  These g ea rs  were chosen as r e p r e s e n t a t i v e .  The 
c o r r e l a t i o n  was s l i g h t l y  h ig h e r  h e re  t h a n  u s i n g  o t t e r  t r a w l  d a t a  ( r  =
0 . 7 0 ,  n=28) ( F i g u r e  9 . 5 ) ,  b u t  t h e  Bame p a t t e r n  c a n  b e  s e e n ,  d iv e r s e  
r e c r u i tm e n t  a t  low s to c k  s i z e s ,  w ith  c o n s i s t e n t l y  h i g h  r e c r u i t m e n t  a t  
h ig h  s t o c k  s i z e s .  The p e r c e n t  o f  com mercial c a tc h  t h a t  was m atu re  was 
e s t im a te d  a s  30% o f  t h e  pound n e t ,  50% o f  th e  g i l l  n e t ,  an d  15% o f  t h e  
lo n g  h a u l  s e i n e  c a t c h e s  (See C hapter  8 ,  T ab le  8 .1  and F ig u re s  8 .11  and
8 . 1 2 ) .  The c o r r e l a t i o n  was n o t  improved ( r  = 0 .5 9 ,  n«=28, Appendix 9 .4  -
F ig u re  9 .4
C o r r e l a t i o n  between th e  f a l l  j u v e n i l e s  in  th e  C h e s a p e a k e
Bay a s  a n  in d e x  o f  r e c r u i t m e n t  and  c o m m e rc ia l  t r a w l
l a n d i n g s  o f  c r o a k e r  a n  in d e x  o f  sp aw n in g  s t o c k .  The
c r o a k e r  l a n d e d  by  o t t e r  t r a w ls  in  V i rg in ia  a r e  a d ju s t e d
2 .
by p e r c e n t  m a t u r i t y  and  d i v i d e d  by t h e  a r e a  (n m i)  o f  
w a te r  g r e a t e r  th a n  o r  eq u a l  to  16°C, ( r  = 0 .5 4 ,  n = 1 4 ) .
MATURE CROAKER AREA
F ig u re  9 .5
C o r r e l a t i o n  between th e  f a l l  j u v e n i l e s  in  th e  Chesapeake 
Bay a s  an index  o f  r e c ru i tm e n t  and bay-sound l a n d i n g s  a s  
an  i n d e x  o f  s p a w n in g  s t o c k .  T he com bined  c a t c h e s  
(pounds) o f  V i r g in i a  pound n e t s  and g i l l  n e t s  and N o r th  
C a ro l in a  long h a u l  s e in e s  were u s e d ,  ( r  = 0 .7 0 ,  n=27).
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F i g u r e ) .  T h e re fo re ,  n o t  o n ly  does c ro a k e r  n o t  a p p e a r  t o  b e  a  d e n s i t y -  
d e p e n d e n t  s p e c i e s ,  b u t  a l s o  i t s  r e c r u i t m e n t  d o e s  n o t  a p p e a r  t o  b e  
c l o s e l y  r e l a t e d  to  t h e  s to c k  s i z e .
DISCUSSION
C o n v e n t i o n a l  t e c h n i q u e s  o f  m e a s u r in g  s t o c k  s i z e  r e l y  on  
commercial CFUE s t a t i s t i c s  o r  f i s h e ry - in d e p e n d e n t  d a ta  c o l l e c t i o n s .  The 
e s t im a t io n  o f  p a r e n t a l  s t o c k  p r o d u c t s  ( S a v i l l e  and  S ch n ack  19 8 1 )  o r  
r e c r u i t m e n t  f ro m  sp a w n in g  s t o c k  s i z e  (Lough e t  a l .  1981) i s  d ependen t 
upon th e  e x i s t e n c e  o f  a  v e r y  c lo s e  r e l a t i o n s h i p  b e tw e e n  sp a w n in g  s t o c k  
s i z e  and  egg  o r  l a r v a l  a b u n d a n c e .  Some have found t h i s  r e l a t i o n s h i p  
( S a v i l l e  1981) w h i le  o th e r s  have n o t  (Conand 1981). The a b sen ce  o f  t h e  
r e l a t i o n s h i p  may b e  d u e  t o  m u l t i p l e  spaw ning  p e r i o d s  o f  u n e q u a l  
im portance (Conand 1981) o r  a  number o f ,  a s  y e t  u n i d e n t i f i e d ,  com plex  
f a c t o r s  o p e r a t i n g  on t h e  e a r l y  l i f e  h i s t o r y  o f  each s p e c ie s  (Lough e t  
a l .  1981).
H ow ever ,  w h e th e r  o r  n o t  n o n - p a r e n t  s t o c k  d e n s i ty -d e p e n d e n t  
c o n t ro l  o f  f i s h  p o p u la t io n s  e x i s t s  i s  s t i l l  h y p o t h e t i c a l  (S h e p h e r d  and  
Cushing 1 9 8 1 ) .  The p o s s i b l e  v a r i a t i o n s  i n  any p o p u la t io n  may be  beca u se  
d e n s i ty -d e p e n d e n c e  i s  weak o r  because  s t o c h a s t i c  e f f e c t s  occur  d u r in g  o r  
a f t e r  t h e  d e n s i t y - d e p e n d e n t  p r o c e s s .  A l s o ,  a s t o c k  which i s  h ig h ly  
d e n s i ty -d e p e n d e n t  i n  a  v i r g i n  s t a t e ,  may be d r iv e n  by e x p l o i t a t i o n  t o  a 
s t a t e  w h e re  th e  d e g re e  o f  denB ity -dependence  has been  reduced  (Shepherd  
and C u sh in g  1 9 8 1 ) .  F i g u r e  9 .6  shows a  s c h e m a t i c  o f  t y p i c a l  s t o c k /  
r e c r u i t m e n t  c u r v e s .  R ec ru i tm e n t ,  measured as y e a r - c l a s s  s t r e n g t h ,  may 
asy m p to te ,  c o n t in u e  t o  in c r e a s e  o r  form a d o m e -sh ap e d  c u r v e  on  s t o c k .
F ig u re  9 .6
S t o c k - r e c r u i t m e n t  f u n c t i o n s  s b  i n t e r p r e t e d  by  R i c k e r  
[R  = a P e  b ^ ]  ( 1 9 5 4 ,  1 9 7 5 ) ,  B e v e r t o n  an d  H o l t  
[R « P / ( a  + b P ) l  (1 9 5 7 ) ,  and Cushing [R = a P _ b ] ( 1 9 7 1 ) .  
R » r e c r u i t m e n t ,  P D p a r e n t  s t o c k  s i z e ,  a  = d e n s i t y -  
independen t c o e f f i c e n t ,  b s  d e n s i ty -d e p e n d e n t  c o e f f i c e n t .  
A t p o i n t  " a " ,  w i t h  a low s t o c k ,  a h ig h  y e a r  c l a s s  w i l l  
ten d  to  r e t u r n  th e  s to c k  to  i t s  s t a b i l i z a t i o n  p o in t  where 
t h e  c u r v e  c u t s  t h e  b i s e c t o r ,  b u t  a  v e ry  low year  c l a s s ,  
b e lo w  t h e  b i s e c t o r ,  w i l l  t e n d  t o  r e d u c e  t h e  s t o c k  
c o n s id e r a b ly .  The h ig h  s to ck  c o n d i t io n  i6  shown a t  p o in t  
"b"  ( a f t e r  Cushing 1978 and Bakun and P a r r i s h  1980).




The s t a b i l i z a t i o n  p o in t  about v h ic h  an u n e x p lo i te d  s to c k  v a r i e s  i s  where 
r e c r u i tm e n t  c u t s  th e  45° b i s e c t o r .  At a low s to c k  s i z e  ( " a "  i n  F i g u r e  
9 . 6 )  a  y e a r  c l a s s  ab o v e  t h e  c u r v e  t e n d s  t o  r e t u r n  th e  s to c k  s t r o n g ly  
upward tow ards i t s  s t a b i l i z a t i o n  p o i n t .  A s to c k  s i z e  below  th e  b i s e c t o r  
s h i f t s  i t  dow nw ard . A t h i g h  s t o c k  s i z e s  ( " b "  i n  F i g u r e  9 . 6 ) ,  y e a r  
c l a s s e s  below  th e  curve  ten d  to  s t r o n g l y  r e t u r n  t h e  s t o c k  downward t o  
t h e  s t a b i l i z a t i o n  p o i n t ,  b u t  o n e  a b o v e  t h e  b i s e c t o r  s h i f t s  th e  s to c k  
o n ly  s l i g h t l y  upward (Cushing 1978).
T h i s  s t o c k / r e c r u i t m e n t  r e l a t i o n s h i p  has  been  r e p r e s e n te d  even 
more c o n c i s e ly  by th e  N a t i o n a l  R e s e a r c h  C o u n c i l  ( 1 9 8 0 )  ( F i g u r e  9 . 7 ) .  
F o r  many s p e c i e s ,  t h e  mean r e c ru i tm e n t  l e v e l  i s  a lm o s t c o n s ta n t  o v e r  a 
l a r g e  in t e r m e d ia te  dom ain  o f  v a r i a t i o n  o f  t h e  p a r e n t a l  s t o c k  ( S h a r p
1 9 8 0 ) .  V a r i a b i l i t y  a t  m o d e ra te  and  h ig h  s t o c k  s i z e s  i s  shown f o r  
d en s ity ~ d e p e n d e n t  s to c k s  (B everton  and H o lt  ty p e )  by "A" i n  F i g u r e  9 . 7 .  
S i m u l t a n e o u s l y ,  t h i s  fo rm  d e p i c t s  a s t o c k  s i z e  " B " ,  below  w hich th e  
s t o c k  c a n n o t  b e  m a i n t a i n e d .  P a r r i s h  a n d  M a c C a l l  ( 1 9 7 8 )  h a v e  
i n c o r p o r a t e d  d e n s i t y - i n d e p e n d e n t  e f f e c t s  i n t o  a s p a w n e r - r e c r u i t  curve  
f o r  P a c i f i c  m ackere l ( Scomber ia u o n ic u s ) .  To in c o rp o r a te  t h e i r  r e s u l t s ,  
w h ic h  a r e  a p p l i c a b l e  t o  d e n s i t y - i n d e p e n d e n t  s p e c i e s ,  I  have amended 
F ig u re  9 .7  by e x p a n d in g  t h e  a r e a  o f  "A" and  "B" t o  i n c l u d e  " A '"  and  
" B " " . T h e  v a r i a b i l i t y  w i t h i n  " A '"  i s  due  t o  d e n s i t y - i n d e p e n d e n t  
f a c t o r s  (Cushing t y p e ) ,  i . e .  r e c r u i tm e n t  c a n  be  e x c e p t i o n a l l y  h i g h  o r  
o n l y  m o d e r a t e .  ,,B'’" d e p i c t s  r e c r u i tm e n t  r e s u l t s  w i th  low s to c k  which 
can range  from m odera te  w ith  e x c e p t io n a l  e n v i r o n m e n t a l  c o n d i t i o n s ,  t o  
c r i t i c a l l y  low w i t h  p o o r  d e n s i t y - i n d e p e n d e n t  c o n d i t i o n s .  The dome­
shaped (R ic k e r  ty p e )  d e n s i ty -d e p e n d e n t  form i s  n o t  r e p r e s e n t e d  h e r .
F ig u re  9 .7
S c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  s t o c k / r e c r u i t m e n t  
r e l a t i o n s h i p  i l l u s t r a t e s  "A", g r e a t  v a r i a b i l i t y  n o rm a lly  
found in  y e a r ly  number o f  r e c r u i t s  f o r  d i f f e r e n t  s t o c k  
s i z e s  and  "B*1, d e c r e a s e  in  numbers o f  r e c r u i t s  observed  
a t  low s to c k  l e v e l s  when p o p u l a t i o n s  may b e  i n  d a n g e r ,  
f o r  d e n s i ty -d e p e n d e n t  s t o c k s .  A ' and B ' i n d i c a t e  g r e a t e r  
f l u c t u a t i o n s  p o s s i b l e  i n  d e n s i t y - i n d e p e n d e n t  s t o c k s ,  















C la s s ic  r e p ro d u c t io n  c u r v e s  ( F i g u r e  9 . 6 )  a r e  r e p r e s e n t e d  by 
modelB p ro p o s e d  by  R i c k e r  ( 1 9 5 4 ,  1 9 7 5 ) ,  B everton  and H o lt  (1957) and 
Cushing (1 9 7 1 ) .  A l l  t h r e e  in c lu d e  an i n t r i n s i c  r a t e  o f  i n c r e a s e  a s  a 
d e n s i t y - i n d e p e n d e n t  ( a )  te rm  and a  d e n s i t y - d e p e n d e n t  (b )  te rm  which 
red u ce s  th e  r a t e  o f  in c r e a s e  o f  r e c ru i tm e n t  a s  th e  s to c k  s i z e  i n c r e a s e s  
(Bakun and P a r r i s h  1980).  R i c k e r ' s  l o g i s t i c  model [& B a  Fe im p l ie s  
t h a t  a t  h ig h  s to c k  s i z e s ,  r e c ru i tm e n t  i s  lo w . T h i s  dome sh a p e d  c u r v e  
h o l d  t r u e  f o r  c a n n i b a l i s m ,  b u t  th e  p o t e n t i a l  shape i s  q u i t e  v a r i a b l e ,
i . e . ,  i f  b > 1 , th e  d en s i ty -d ep en d en cy  p ro c e s s e s  a re  so s t r o n g  t h a t  th e y  
o v e r - c o m p e n s a t e  f o r  c h a n g e s  i n  b io m a s s ,  so t h a t  in c re a s e d  s to ck  s i z e  
le ad s  to  d ec re a se d  r e c r u i tm e n t .  B ev er to n  and  H o l t ' s  a s y m p t o t i c  m ode l 
[R = P / ( a  + b P ) l  im p l i e s  t h a t  a t  h ig h  s to c k  s i z e s ,  r e c ru i tm e n t  r e a c h e s  
an  a sy m p to tic  maximum. The c e i l i n g  o f  abundance i s  imposed by a v a i l a b l e  
food o r  h a b i t a t ,  i . e . ,  i f  b = 1 ,  a t  l a r g e  s to c k  s i z e s ,  d e n s i ty -d e p e n d e n t  
e f f e c t s  c o m p e n sa te  e x a c t l y  f o r  i n c r e a s e  i n  b i o m a s s ,  l e a d i n g  t o  
a s y m p t o t i c a l l y  c o n s t a n t  r e c r u i t m e n t .  C u sh in g 's  a l l o m e t r i c  model [R = 
aP k] i m p l i e s  t h a t  r e c r u i t m e n t  i n c r e a s e s  w i t h  s t o c k  s i z e ,  b u t  a t  a 
c o n t i n u o u s l y  d e c r e a s i n g  r a t e ,  i . e . ,  i f  b < 1 , r e c ru i tm e n t  c o n t in u e s  to  
in c r e a s e  i n d e f i n i t e l y  aB biom ass in c re a s e s  (Shepherd 1982).
Cushing (1971) used  new r e c r u i t s  to  th e  f i s h e r y  ( a v e ra g e ,  IV+) 
a s  an index  o f  r e c r u i tm e n t .  He found t h a t  s to c k  r e c r u i tm e n t  c u r v e s  f o r  
s a lm o n -  and  h e r r i n g - l i k e  f i s h e s  a re  s l i g h t l y  convex , f l a t f i s h  resem ble  
a sy m p to t ic  c u rv e s ,  and g a d o id s  and  t u n a s  h a v e  m arked  dom es.  C r o a k e r  
n e v e r  e x h i b i t  th e  dome shaped p a t t e r n  t h a t  r ed u ce s  r e c r u i tm e n t  as  s to ck  
s i z e  becom es l a r g e r  d u e  to  c a n n i b a l i s m .  T h e r e f o r e ,  t h e  d e n s i t y -  
d e p e n d e n t  in d e x  (b  = 0 .388) o f  j u v e n i l e  summer c ro a k e r  i s  most s i m i l a r  
to  th e  h e r r i n g - l i k e  f i s h e s ,  w h ic h  h a v e  d e n s i t y - d e p e n d e n t  i n d i c e s  o f
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0.4A 1 and  0 .448  (Cushing 1971).  The h e r r i n g - l i k e  f i s h e s  a re  s u b j e c t  to  
l a rg e  f l u c t u a t i o n s  a s  d em onstra ted  by  c r o a k e r .  T hese  f l u c t u a t i o n s  a r e  
due  n o t  o n ly  to  f i s h i n g  e f f o r t ,  b u t  a l s o  to  env iro n m en ta l  e f f e c t s .  Tvo 
q u a n t i t i e s  r e l a t e  to  s to c k  s i z e ,  r e c r u i tm e n t ,  i . e .  a b s o l u t e  n u m b e rs  o f  
young f i s h  p r o d u c e d ,  and  s u r v i v a l ,  number o f  young f i s h  s u rv iv in g  p e r  
m i l l i o n  eggs (G ulland  1969) .  The d e n s i ty -d e p e n d e n t  in d e x  i s  i n v e r s e l y  
c o r r e l a t e d  w i th  t h e  cube ro o t  o f  f e c u n d i ty  i n d i c a t i n g  t h a t ,  f o r  s to c k s  
o f  th e  same s i z e ,  th e  d i s t a n c e  between l a rv a e  p la y s  an  im p o r tan t  p a r t  in  
t h e  d e t e r m i n a t i o n  o f  d e n s i t y - d e p e n d e n c e  (Cushing 1971).  F e c u n d i ty  o f  
c ro a k e r  ran g es  from 100,000 eggs f o r  a 196 mm fem a le  t o  1 ,7 4 2 ,0 0 0  eg g s  
f o r  a  390  mm f e m a l e  ( H o r s e  1 9 8 0 ) .  The c o r r e l a t i o n  w i th  d e n s i t y -  
dependency r e l i e s  on f e c u n d i ty  a t  mean w e i g h t ,  w h ich  i s  a b o u t  3 0 0 ,0 0 0  
eg g s  f o r  c r o a k e r  (M orse  1 9 8 0 ) .  The d e n s i t y - d e p e n d e n c e  index  (b )  o f  
C u s h i n g ' s  d a t a  (1 9 7 1 )  i s  r e g r e s s e d  on t h e  cu b e  r o o t  o f  f e c u n d i t y .  
C roaker f e c u n d i ty  i s  between f l a t f i s h  and gado ids  (P o in t  A, F ig u r e  9 . 8 ) .  
S tocks  w i t h  t h e  g r e a t e s t  f e c u n d i t y  a r e  t h e  m o s t  d e n s i t y - d e p e n d e n t .  
H ow ever ,  a s e r i a l  sp aw n er  h a s  a lo w e r  r e l a t i v e  f e c u n d i ty  making th e  
f e c u n d i ty  o f  c ro a k e r  and i t s  r e l a t i v e  d e n s i ty -d ep en d en ce  a c t u a l l y  lo w er .  
The m a jo r i t y  o f  spawning c ro a k e r  a r e  young ( 1 I +) ,  as  shown in  C h ap te r  8 .  
T h e re fo re  th e  ave rage  f e c u n d i ty  i s  q u i t e  low, p o s s i b l y  n e a r  i t s  lo w e s t  
measured v a lu e  o f  100,000 (P o in t  B, F ig u re  9 . 8 ) .
. With g r e a t e r  d e n s i t y - d e p e n d e n c e ,  t h e  s t a b i l i t y  o f  t h e  s t o c k  
s i z e  i s  g r e a t e r  un d er  v a ry in g  en v iro n m en ta l  c o n d i t i o n s .  I f  p o p u la t io n s  
a r e  t o  r e m a in  s t a b l e  u n d e r  d i f f e r e n t  c o n d i t i o n s ,  o n e  o f  t h e  v i t a l  
p a r a m e t e r s ,  m o r t a l i t y ,  g ro w th  o r  r e p r o d u c t i o n ,  m us t change (G u lland  
1965) .  Growth can d e c re a s e  w ith  an in c r e a s e  o f  abundance . P o p u l a t i o n s  
w h ich  h av e  d e c l i n e d  t o  low l e v e l s  f o l l o w i n g  heavy e x p l o i t a t i o n ,  have
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F ig u re  9 .8
C r o a k e r  v a l u e s  s u p e r i m p o s e d  on  C u s h i n g ' s  ( 1 9 7 1 )  
r e l a t i o n s h i p  betw een th e  index  o f  d e n s i t y - d e p e n d e n c e ,  b ,  
an d  t h e  cu b e  r o o t  o f  th e  m ean f e c u n d i t y  f o r  s e v e r a l  
s to ck s  o f  f i s h .  P o in t  A i s  an  e s t i m a t e  o f  mean c r o a k e r  
f e c u n d i t y .  P o i n t  B i s  th e  lo w e s t  e s t i m a t e  o f  c ro a k e r  
f e c u n d i ty  ( a f t e r  Cushing 1971) .
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been  c h a r a c t e r i z e d  by an i n c r e a s e , i n  in d i v id u a l  growth r a t e s  which could  
c o n t r i b u t e  to  th e  m a in tenance  o f  a s m a l l e r  p o p u l a t i o n  th r o u g h  g ro w th  
o v e r f i s h i n g  ( B o t s f o r d  1 9 8 1 ) .  H ow ever ,  t h i s  doeB n o t  seem to  be  
a p p l i c a b l e  to  c ro a k e r .  As shown i n  C h a p te r  8 ( F i g u r e s  8 . 1 0 ,  8 .1 1  and
8 . 1 2 ) ,  m oda l s i z e  d id  n o t  change s i g n i f i c a n t l y  from th e  p e r io d  o f  h ig h  
c r o a k e r  a b u n d a n c e  i n  1 9 2 5 -3 1 ,  t h r o u g h  t h e  b e g i n n i n g  o f  t h e  f i r s t  
d e c l i n e ,  1 9 4 9 -5 5 ,  t o  i t s  p r e s e n t  h ig h  l e v e l  in  N orth  C a ro l in a  and low 
l e v e l  i n  V i r g i n i a .  I n  1 9 4 9 - 5 5 ,  t h e  mean s i z e  o f  a g e  I  seem s to  b e  
l a r g e r ,  b u t  g r a d e s  i n t o  age I I  w i th  no d e f i n i t i v e  s e p a r a t io n .  T h is  i s  
p ro b a b ly  due to  th e  in c o r p o r a t io n  o f  g i l l  n e t  la n d in g s  which s e l e c t i v e l y  
c a tc h  l a r g e r  f iB h .  I t  may a l s o  be  an a r t i f a c t  o f  th e  m u l t iy e a r  a v e ra g e ,  
as  Borne y e a rs  have l a r g e r  modal c o h o r t  s i z e s  as  d is c u s s e d  i n  C hapter 5 .
T he  h y p o t h e s i s  t h a t  g ro w th  r a t e  p e r  i n d i v i d u a l  f i s h  i s  
i n v e r s e l y  r e l a t e d  to  th e  d e n s i t y  o f  th e  f i s h  was t e s t e d .  The modal s i z e  
o f  a g e  I I  C h e s a p e a k e  Bay s to c k  s t r i p e d  b a s s  from Long I s l a n d  d e c re a se s  
as  th e  y e a r - c l a s s  s t r e n g t h  in c r e a s e s  (A u s t in  and Hickey 1978).  S ince  an  
i n c r e a s e  i n  i n d i v i d u a l  g ro w th  r a t e  a t  s p e c i f i c  s i z e  i s  more commonly 
o b s e rv e d  i n  t h e  j u v e n i l e  r a t e s  t h a n  a d u l t  s t a g e  ( B o t s f o r d  1 9 8 1 ) ,  I  
p l o t t e d  t h e  y o u n g - o f - t h e - y e a r  J u l y  m oda l s i z e  ( s e e  C hap te r  5) on th e  
A p ri l -S ep tem b er  j u v e n i l e  in d e x  (Jg jj j j )  i n  a m e thod  s i m i l a r  t o  t h a t  o f  
A u s t i n  and  H ic k e y  ( 1 9 7 8 ) .  T h e re  i s  no c o r r e l a t i o n  between modal s i z e  
and s t r e n g t h  ( r  *» 0 .2 0 ,  Appendix 9 .7  -  F i g u r e )  n o r  b e tw e e n  m o d a l s i z e  
and  V i r g i n i a - N o r t h  C a r o l i n a  l a n d i n g s  t h e  p r e c e d i n g  y e a r  ( r  = 0 .1 1 ,  
Appendix 9 .8  -  F ig u r e ) .  These r e s u l t s  f u r t h e r  s u p p o r t  t h e  c l a i m  t h a t  
c r o a k e r  i s  p r i n c i p a l l y  a  d e n s i t y - i n d e p e n d e n t  s p e c i e s ,  b e c a u s e  i n  a  




A l l  f i n f i s h  f a l l  som ew here a l o n g  a c o n t in u u m  from d e n s i t y -  
dependen t t o  d e n s i t y - i n d e p e n d e n t ,  w i t h  no s p e c i e s  e x a c t l y  a t  e i t h e r  
e x t r e m e  ( R i c h k u s ,  Summers, F o l g a r ,  H o l l a n d ,  R o s s ,  Johnson and Souza 
1980b).  F u r th e r ,  t h e  d e g re e  o f  d en s ity -d e p e n d e n c e  c a n  c h a n g e  a s  s t o c k  
s i z e  f l u c t u a t e s .  M ajor f i n f i s h  s to c k s  o f  Maryland a r e  p la c e d  in to  one 
to  t h r e e  c a t e g o r i e s ,  r e l a t i v e l y  d e n s i ty -d e p e n d e n t ,  r e l a t i v e l y  d e n s i t y -  
i n d e p e n d e n t ,  o r  r e c r u i t m e n t  p a t t e r n  unknow n. A t l a n t i c  c r o a k e r  i s  
c l a s s e d  as  unknown becau se  p r e v io u s ly  v e ry  l i t t l e  h a s  b e e n  known a b o u t  
i t s  r e c r u i t m e n t  p a t t e r n s  (R ic h k u s  e t  a l .  1 9 8 0 b ) .  H ow ever ,  s e v e r a l  
q u e s t i o n s  u s e d  i n  t h i s  c l a s s i f i c a t i o n  h a v e  b e e n  a n s w e r e d  i n  t h i s  
d i s s e r t a t i o n .  The age  s t r u c t u r e  o f  a s t o c k  w i t h  a  t o t a l l y  d e n s i t y -  
dependen t r e c r u i tm e n t  i s  s t a b l e  t h r o u g h  t i m e ,  so t h e  b e h a v i o r  o f  t h e  
s t o c k  c a n  b e  shown by f o l l o w i n g  a s i n g l e  y e a r  c l a s s  th ro u g h  i t s  l i f e .  
I n  t o t a l l y  d e n s i t y - i n d e p e n d e n t  r e c r u i t m e n t ,  t h e  a g e  s t r u c t u r e  i s  
u n s t a b l e  and  d o m in a te d  by  p a r t i c u l a r  y e a r  c l a s s e s  ( R ic h k u s  e t  a l .  
1980b).  T h is  d om inan t y e a r  c l a s s  p a t t e r n  i s  more c h a r a c t e r i s t i c  o f  
c ro a k e r  th a n  i6  th e  s t a b l e  p o p u la t io n  p a t t e r n .
A p o p u la t io n  w ith  many age  c l a s s e s  o f  more o r  l e s s  e q u a l  e f f e c t  
on th e  y o u n g -o f - th e -y e a r  m o r t a l i t y  i s  more s t a b l e  th a n  a  p o p u la t io n  w i th  
o n ly  o n e  o r  two a g e  c l a s s e s  ( B o t s f o r d  1981) s u c h  a s  c r o a k e r .  I n  a 
d e n s i t y - i n d e p e n d e n t  s t o c k ,  y e a r - t o - y e a r  v a r i a b i l i t y  i n  mean CPUE i s  
p r i m a r i l y  a f f e c t e d  by  p a r t i c u l a r  y e a r  c l a s s e s  a s  d is c u s s e d  in  C h ap te r  8 .  
I n  a d e n s i t y - d e p e n d e n t  s t o c k ,  t h e  c o n t r i b u t i o n s  o f  y e a r  c l a s s e s  a r e  
r e l a t i v e l y  c o n s ta n t  y ea r  t o  y e a r  (R ichkus e t  a l .  1980b).  A d d i t i o n a l l y ,  
i n  a d e n s i t y - d e p e n d e n t  s t o c k ,  j u v e n i l e  a b u n d a n c e  v a r i e s  p r e d i c t a b l y
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th ro u g h  t im e  (Richkus e t  a l .  1980),  b u t  I  have shown, i n  C h a p te r s  4 ,  5 ,  
6 a n d  7 ,  t h a t  m ost j u v e n i l e  r e c r u i t m e n t  i n  c r o a k e r  i s  e r r a t i c  and  
dependent upon s p e c i f i c  env ironm en ta l  p a r a m e te r s .
T h is  f in d in g  o f  d e n s i ty - in d e p e n d e n c e  shou ld  be  i n t e r p r e t e d  w i th  
c a u t io n .  The s t o c k - r e c r u i t  r e l a t i o n s h i p  may be masked s t a t i s t i c a l l y  due 
t o  p o o r  m e a s u re s  o f  sp aw n in g  s t o c k  s i z e  ( W a l t e r s  and  Ludw ig 1981) .  
M urray, LeDuc and Ingham (1983) found t h a t  f i s h i n g  m o r t a l i t y  i s  l i n k e d  
t o  r e c r u i t m e n t  i n  A t l a n t i c  m a c k e r e l  ( S com ber s c o m b ru s )  t h r o u g h  
r e d u c t i o n s  i n  Bpawning s t o c k  s i z e .  T h i s  c o n t r i b u t i o n ,  h o w e v e r ,  i s  
m i n i m a l  c o m p a r e d  t o  t h e  f l u c t u a t i o n s  o b s e r v e d  i n  r e c r u i t m e n t .  
R ec ru i tm en t o f  sea  h e r r in g  (C lupea h a re n e u s ) seems n o t  t o  b e  d e p e n d e n t  
upon spawning s to c k  s i z e ,  b u t  th e  e f f e c t  o f  heavy f i s h i n g  on a  low s to c k  
cannot be r u le d  ou t s in c e  th e  c o l l a p s e  o f  t h e  G e o rg e s  Bank f i s h e r y  i n  
1976 (Lough e t  a l .  1981).
A l t e r n a t i v e l y ,  t h e  e f f e c t  o f  sp a w n in g  s t o c k  s i z e  may o n ly  
becom e a p p a r e n t  a f t e r  a c c o u n tin g  f o r  th e  e f f e c t s  o f  d e n s i ty - in d e p e n d e n t  
v a r i a b l e s .  I n c lu s io n  o f  spawning s to c k  s i z e  improves t h e  p r e d i c t a b i l i t y  
o f  a 4 0 0 - y e a r  s i m u l a t i o n  m o d e l (G o o d y e a r  and  C h r i s t e n s e n  In  p r e s s ) .  
These e f f e c t s  o f  y ea r  t o  y ea r  v a r i a t i o n  i n  s to c k  s i z e  a r e  sm a ll  compared 
to  th e  e f f e c t s  o f  env iro n m en ta l  v a r i a t i o n .  T h e r e f o re ,  I  in c o rp o r a te d  an 
index  o f  6 to c k  s i z e  i n t o  t h e  m ode l a s  d e v e l o p e d  i n  C h a p t e r  7 .  The 
V i r g i n i a - N o r t h  C a r o l i n a  w i th in - th e - b a y  c a t c h  (F ig u re  9 .5 )  p roduced  th e  
b e s t ,  a l b e i t  weak, c o r r e l a t i o n  o f  th o s e  t e s t e d  h e r e .  I t  was in c lu d e d  i n  
a  m u l t i p l e  r e g r e s s i o n  w i t h  t h e  q u a d r a t i c  and l i n e a r  forms o f  J a n u a ry -
February-M arch te m p era tu re  (JFM) and w in d - in d u c e d  t r a n s p o r t  (WINDER) .
2 2The e x p l a i n e d  v a r ia n c e  was in c re a s e d  ( t o  R *= 0 .9 6  from R “  0 .9 2 ,  n*3! ! ) .
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2The r e l a t i o n s h i p  was s i g n i f i c a n t  (F = 4 7 .2 7 ,  p = 0 .0 0 0 3 ) ,  and th e  R has  
been  a d ju s t e d  to  r e f l e c t  a d d i t i o n  o f  a n o th e r  v a r i a b l e  as  t h i s  i s  a  l a r g e  
number o f  p a ra m e te rs  (6) f o r  t h e  sample s i z e  ( n = l l )  ( T a b l e  9 . 1 ) .  W ith  
t h e  a d d i t i o n  o f  th e  V i rg in ia -N o r th  C a ro l in a  index  o f  s to c k  s i z e  (VN) i n  
thousands  o f  pounds, th e  e q u a t io n  becomes:
J eTTU = 82.69  -  63.24*JFM + (7.29*JFM2 ) + 6.54*W -  (0.25*W2 ) + 0.0015*VNSUM
The h in d c a s t  v a lu e s  from t h i s  r e l a t i o n s h i p  a r e  shown i n  F ig u re  9 . 9 .
D e n s i t y - i n d e p e n d e n t  s t o c k s  i n  g e n e r a l ,  a n d  c r o a k e r  i n  
p a r t i c u l a r ,  can o n ly  be managed by in d i v id u a l  y e a r  c l a s s e s  and n o t  a s  a  
w ho le  s t o c k  (R ic h k u s  e t  a l .  19 8 0 ) .  T h e re fo re ,  th e  model p r e s e n te d  i n  
t h i s  d i s s e r t a t i o n  (F ig u re  1 .1 )  in c lu d e s  spawning s to c k  beca u se  la c k  o f  a 
s t r o n g  o b s e r v a b le  r e l a t i o n s h i p  between spawners and r e c r u i t s  shou ld  n o t  
b e  i n t e r p r e t e d  a a b s o l u t e  i n d e p e n d e n c e  (G o o d y e a r  and  C h r i s t e n s e n  I n  
p r e s s ) .  This  feedback  which c o n n e c ts  t h e  o u tp u t ,  th ro u g h  th e  e f f e c t  o f  
spawning s to ck  s i z e ,  to  t h e  i n p u t ,  i s  shown in  F ig u re  9 .1 0 .  M anagem ent 
schem es t h a t  p r e s e r v e  a t  l e a s t  some minimum spawning s to c k  shou ld  be  
employed whenever t h e  d y n a m ic s  o f  t h e  p o p u l a t i o n  a r e  n o t  c o m p l e t e l y  
u n d e rs to o d  (Goodyear and C h r is te n s e n  In  p r e s s ) .
TABLE 9 .1
M u ltip le  R e g re ss io n  A n a ly s is
DEPENDENT VARIABLE.. J „ tT„
S U M
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  SQWIND
3 . .  VN
4 . .  WINDEX
5 . .  SQJFM
MULTIPLE R 0 .98959
R SQUARE 0.97928












47.27199 SIGNIF F «= 0 .0003
VARIABLES IN THE EQUATION
VARIABLE B SE B BETA T SIG T
JFM -63 .23589  14.17549 -2 .8 5 4 7 9  -4 .461  0 .0066
SQWIND -0 .2 5 0 0 8  0 .09914 -0 .5 4 4 2 9  -2 .5 2 3  0 .0530
VN 0.00147 0.5453E-03 0.23254 2 .698  0 .0429
WIHDEX 6.53266 1.71848 0.83278 3.801 0.0126
SQJFM 7.28780 1.15971 3 .97930 6 .284  0 .0015
(CONSTANT) 82.68627 43.51623 1.900 0 .1158
F ig u re  9 .9
A c tu a l  and h in d c a s t  summer j u v e n i l e  i n d i c e s ,  1 9 7 2 -1 9 8 2 .
H i n d c a s t  v a lu e s  (VN) a r e  c a l c u l a t e d  from in d ic e s  o f  f a l l
w ind-induced  t r a n s p o r t ,  w in te r  te m p e ra tu r e s ,  and spawning 
2
























X 3Q N 1  3 1 N 3 A I T  y 3 m n s
F ig u re  9 .10
E f f e c t  o f  spawning s to c k  s i z e  connec ts  model o u tp u t  back 
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Model A p p l ic a t io n s
INTRODUCTION
One p u r p o s e  o f  a m ode l i s  t o  p r e d i c t  a n d / o r  t o  g u i d e  th e  
a n a l y t i c a l  p ro c e s s e s  (P r o b e r t  1981).  The p ro c e s s  sh o u ld  be s t a r t e d  w ith  
t h e  c o l l e c t i o n  o f  d a ta  w hich a r e  r e p e a te d ly  examined f o r  th e  p u rp o ses  o f  
e v a l u a t i n g  and m odify ing  th e  m odel. F i r s t  d a t a  s h o u ld  be  p l o t t e d  and 
q u a l i t a t i v e l y  e v a l u a t e d .  P a r t i t i o n i n g  o f  t h e  o v e r a l l  s y s te m  i n t o  
s u b m o d e l s ,  a l l o w s  co m p o n en ts  t o  b e  m o d e l l e d  i n d e p e n d e n t l y .  T he  
i n t e r a c t i o n  and  i n t e r d e p e n d e n c e  b e tw e e n  t h e  s u b s y s te m s  can  th e n  be 
s t u d i e d  c o n c e p t u a l l y  a n d  m o d e l le d  ( G o ld  1 9 7 7 ) .  T h e r e  s h o u l d  b e  
i t e r a t i v e  i n t e r p l a y  b e tw e e n  h y p o t h e s i s  f o rm u la t io n  and m o d e l l in g .  A 
c o n t in u a l  r eex a m in a t io n  o f  r e s u l t s  o f  e a r l i e r  Bteps and m o d i f i c a t i o n  i n  
r e s p o n s e  t o  i n s i g h t  i s  r e q u i r e d .  M odels  s h o u ld  be  u s e d  t o  t e s t  
h y p o th e se s  and e s t a b l i s h  r e l a t i o n s h i p s  between th o se  t h in g s  which can be 
m e a s u re d  a s  w e l l  a s  t o  make in f e r e n c e s  about th o se  which cannot (Gold 
1977 ) .
S e m a n t ic s ,  however, may be a  problem . One cou ld  d i f f e r e n t i a t e  
betw een " m o d e l l in g " ,  as  a t t e m p t in g  t o  answer a l l  i n t e r l o c k i n g  q u e s t i o n s  
s i m u l t a n e o u s l y ,  and  " i n v e s t i g a t i n g " ,  a s  a n s w e r in g  a u n i t  q u e s t i o n  
( P i e l o u  1 9 8 1 ) .  C o r r e l a t i v e ,  o r  e m p i r i c a l ,  m o d e l s  a r e  a f o r m  o f  
i n v e s t i g a t i n g  w h ic h  d e s c r i b e  and summarize r e l a t i o n s h i p s  so t h a t  th e y
242
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may b e  v e r i f i e d  and u s e d  a s  a  b a s i s  f o r  p r e d i c t i o n  and  c o n t r o l *  I f  
s t a t i s t i c a l  a g re e m e n t  i s  n o t  c l o s e  enough  i n  a  c o r r e l a t i v e  m odel, an 
a l t e r n a t i v e  fo rm  may b e  t e s t e d  (G o ld  1 9 7 7 ) .  The o r i g i n a l  g o a l  o f  
e c o s y s t e m  m o d e l l i n g  was t o  e x p l a i n  f l u c t u a t i n g  p o p u l a t i o n s ,  i . e .  
i n v e s t i g a t i n g ,  a s  o p p o sed  t o  u s i n g  a m a t h e m a t i c a l  m ode l t o  im p o s e  
c o n s t r a i n t s  on t h e  r e a l  w o r ld  ( P i e l o u  1 9 8 1 ) .  S t r i c t l y  s p e a k i n g ,  
e x p la n a to ry ,  o r  r a t i o n a l ,  models b eg in  w ith  a p re c o n c e iv e d  m a t h e m a t i c a l  
s t a t e m e n t  t o  e x p l a i n  and r e f l e c t  t h e  co n c e p t  o f  th e  c a u s a l  mechanism 
u n d e r ly in g  a r e l a t i o n s h i p .  H ow ever ,  b e c a u s e  o f  t h e  c a u s a l  b a s e ,  t h e  
e q u a t i o n  o f  t h e  u n d e r l y i n g  p h y s i c a l  p r i n c i p l e  canno t b e  changed (Gold 
1977 ) .  T h is  can lead  to  f u t i l i t y  o f  s t r i v i n g  f o r  an e x a c t  match between 
models and r e a l i t y  (P ie lo u  1981).
However, in  an i t e r a t i v e  p r o c e s s ,  i t  i s  n o t  n e c e s s a r y  f o r  t h e  
tw o t y p e s  o f  m o d e l s  t o  b e  m u t u a l l y  e x c l u s i v e  ( F i g u r e  1 0 . 1 ) .  A 
r e l a t i o n s h i p  should be  h y p o th es ized  and i n v e s t i g a t e d ,  t h e n  s t a t e d  i n  a 
m a t h e m a t i c a l  fo rm .  The model can be  used  to  s u g g e s t  f u r t h e r  s tu d y  and 
to  r e f i n e  th e  hyp o th es ized  r e l a t i o n s h i p  (McKelvey, Hank i n ,  Y anosko and  
Snygg 1980).  The s im p le s t  m a th em a tica l  e x p re s s io n  t h a t  g iv e s  s u f f i c i e n t  
agreem ent w ith  th e  d a ta  should  be used  (Gold 1977 ) .  I t  i s  no t  n e c e s s a ry  
t o  i n c l u d e  t h e  c o m p le x i ty  o f  t h e  w ho le  s y s te m  a s  lo n g  a s  t h e  model 
p r e d i c t s  s u c c e s s f u l l y .  The c o m p le x i t y  d e p e n d s  on t h e  p u r p o s e  o f  t h e  
model (P ro b e r t  1981). The r e sp o n s iv e n e s s  o f  th e  model should  be s tu d ie d  
and th e  knowledge c o n t in u a l ly  a p p l ie d  to  t h e  i t e r a t i v e  p r o c e s s .
A c o r r e l a t i v e  m o d e l l i n g ,  o r  i n v e s t i g a t i n g ,  a p p r o a c h  was 
employed in  t h i s  s tu d y .  The c o n c e p tu a l  model was th e  f i r s t  s te p  in  th e  
i t e r a t i v e  p r o c e s s  o f  f o r m u l a t i n g  h y p o t h e s e s .  The f lo w  c h a r t  model 
( F i g u r e  1 0 .2 )  o f  j u v e n i l e  c r o a k e r  r e c r u i t m e n t  w as b a s e d  o n  t h i s
F ig u re  10.1
R e p re s e n ta t io n  o f  th e  m o d e l-b u i ld in g  p r o c e s s .  N o te  t h a t  
" t e s t "  a r r o w s  c a r r y  o n e  b a c k  t o  t h e  d a t a  a t  e v e r y  









W ith  w id er  la t itu d e  under  
ch a n g e  o f  p h y s ic a l s i t u a t io n  
c a u t io u s  e x tr a p o la t io n .
INFERENCES
A b out rela ted  situ a tio n s  
w h ic h  are d iff icu lt  or 
im p o ssib le  to  d ir ec tly  
observe.
F ig u re  10 .2
Flow c h a r t  diagram  o f  Sub Models I ,  I I  and I I I ,  in c lu d in g  
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c o n c e p tu a l  l i f e  h i s t o r y .  The f u n c t i o n a l  fo rm  o f  t h e  r e l a t i o n s h i p s  a t  
e a c h  s t e p  h a s  b e e n  d e r i v e d .  T h i s  m ode l e m p i r i c a l ly  q u a n t i f i e s  th e s e  
r e l a t i o n s h i p s .  W h ile  h y p o t h e s i z e d ,  t h e  c a u s a l  m ech an ism s  a r e  n o t  
i n v e s t i g a t e d  h e r e ,  i . e .  t h e  u n d e r ly in g  p h y s ic a l  p r i n c i p a l s  do n o t  d e f in e  
t h e  form o f  th e  e q u a t io n s .  The r e l a t i o n s h i p s  t h a t  have been  q u a n t i f i e d  
s t a t i s t i c a l l y  a r e  b a s e d  on d e t e r m i n a t i o n s  o f  e m p i r i c a l  b i o l o g i c a l -  
p h y s i c a l  l i n k s  i n  th e  c o n c e p tu a l  m odel.
2The r e s u l t i n g  s t a t i s t i c a l  f i t  o f  t h e  model was good (R = 0 .9 6 ,  
n  = 11) and th e  h i n d c a s t  e s t i m a t e s  f ro m  t h e  m ode l w e re  c l o s e  t o  t h e  
a c t u a l  v a l u e s  ( F i g u r e  9 . 9 ) .  The s t a t i s t i c a l  c o r r e l a t i o n s  w ere  n o t  
d e r i v e d  r a n d o m ly ,  b u t  w ere  b a s e d  on h y p o t h e s e s  o f  v u l n e r a b l e  l i f e  
h i s t o r y  s ta g e s  and en v iro n m e n ta l  e f f e c t s .  They a re  used h e re  t o  p r e d i c t  
th e  1982-83 y e a r  c l a s s  o f  c ro a k e r  i n  Chesapeake Bay. The a p p l i c a b i l i t y  
an d  a p p r o p r i a t e n e s s  o f  t h e  m o d e l a r e  d i s c u s s e d  i n  r e l a t i o n  t o  o th e r  
ty p e s  o f  m o d e ls .  E v e n tu a l  p r e d i c t i o n  o f  commercial c a tc h  o f  c r o a k e r  i s  
a l s o  d i s c u s s e d .
METHODS AND RESULTS
To t e s t  t h e  p r e d i c t a b i l i t y  o f  t h e  m o d e l developed  in  t h i s  
d i s s e r t a t i o n ,  th e  d a i l y  wind d i r e c t i o n  and  s p e e d  a t  N o r f o lk  a i r p o r t ,  
V i r g i n i a  f o r  t h e  summer and f a l l  o f  1982 w ere  o b t a i n e d  fro m  L o c a l  
C l im a to lo g ic a l  Data R ecords (NCDC) . The n o r t h - s o u t h  co m p o n en ts  w ere  
a n a l y z e d  f o r  t i m e  o f  summer w ind  c e s s a t i o n  a c c o r d i n g  t o  m e th o d s  
d e s c r i b e d  p r e v i o u s l y  ( C h a p t e r  4 . 1 ) .  The a v e r a g e  t im e  o f  c e s s a t i o n  
d u r in g  t h i s  p e r io d  o f  s tu d y  was t h e  b e g in n in g  o f  September ( 7 ) .  Ten-day 
v e c t o r s  and th e  " b e s t ” 40-day t r a n s p o r t ,  from th e  b eg in n in g  o f  September
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t h r o u g h  t h e  b e g i n n i n g  o f  O c to b e r ,  were c a l c u l a t e d  and p l o t t e d  (F ig u re
1 0 . 3 ) .  The c a l c u l a t e d  WINDEX (W=14) was one o f  t h e  b e s t  i n  t h e  p e r i o d
e x a m in e d .  F a l l  j u v e n i l e  r e c r u i t m e n t  a c t u a l  maximum ( JHAy = 344 .17)
v a lu e  and th e  maximum p r e d i c t e d  fro m  t h e  WINDEX ( J MA7C e 2 4 1 .2 7 )  a r e
p l o t t e d  i n  F ig u re  1 0 .4  verBus WINDEX. Sub Model I  p r e d ic te d  a  very  good
f a l l  r e c r u i tm e n t ,  and  t h e  a c t u a l  r e c r u i t m e n t  was s e c o n d  o n ly  t o  t h e
r e c o r d  1976-77 y ea r  c l a s s .
The w in te r  o f  1982-83 was very  m i ld ,  t h e  warmest in  s ix  yea rB .
The ave rage  te m p e ra tu re  (JFM = 6 .4 0 )  was ap p ro x im a te ly  equa l  t o  th o se  o f
1972 and 1973, b u t  l e s s  th a n  th o se  o f  1974, 1975 and 1 9 7 6 .  T h e r e f o r e ,
based  on th e  r e l a t i o n s h i p  between January -F ebruary -M arch  te m p e ra tu re  and
y e a r - c l a s s  s u r v i v a l ,  th e  summer o f  1983 y e a r  c l a s s  ( J orr„  = 2 4 .0 9 )  f a l l s
b U Il
i n  t h e  r a n g e  o f  g r e a t e s t  v a r i a b i l i t y  ( F i g u r e  1 0 .5 )  . Sub Model I I
p r e d i c t s  a good year  c l a s s  (Appendix 1 0 .1 ) ,  bu t n o t  an o u t s t a n d i n g  o n e ,
a s  in d i c a te d  by th e  maximum f a l l  r e c r u i tm e n t  in  Sub Model I .
I  have shown in  C hap ter  7 th a t  an  index  o f  f a l l  r e c r u i tm e n t  i s
n e c e s s a r y  f o r  a  m ore  a c c u r a t e  e s t i m a t e  o f  y e a r - c l a s s  s i z e .  When th e
index  o f  w ind-induced  t r a n s p o r t  (WINDEX) i s  i n c o r p o r a t e d  w i t h  w i n t e r
+ \t e m p e r a t u r e ,  t h e  p r e d i c t e d  sum m er (0  ) y e a r  c l a s s  f o r  1 9 8 3  
( J S0M '  3 0 -12) i s  l a r g e r  t h a n  t h e  e s t i m a t e  f ro m  JFM a l o n e  (A p p e n d ix  
1 0 . 2 ) .  T h i s  v a l u e  i s  a much lo w e r  e s t i m a t e  t h a n  t h e  one c a l c u l a t e d  
u s in g  th e  maximum f a l l  r e c ru i tm e n t  (dggy = 118.29) in s t e a d  o f  th e  WINDEX 
(Appendix 1 0 .3 ) .
Though th e  c ro a k e r  s to c k  has  been  down in  V i r g i n i a  r e c e n t l y ,  
th e  c a t c h  has been  f a i r l y  good in  N orth  C a r o l in a  (F ig u re  8 . 1 ) .  An index  
o f  spawning s to c k  s i z e  (8164 thousand  p o u n d s ) ,  a s  d e r iv e d  in  C h a p t e r  9 ,  
w as i n c o r p o r a t e d  in  th e  p r e d i c t i v e  e q u a t io n .  T h is  p r e d i c t e d  y e a r - c l a s s
F ig u re  10 .3
A d u l t  and  l a r v a l  d i s t r i b u t i o n  d a ta  a re  n o t  used f o r  1982 
s i n c e  t h e  w in d - in d u c e d  t r a n s p o r t  i s  u s e d  t o  p r e d i c t  
j u v e n i l e  r e c r u i t m e n t  t o  th e  Chesapeake Bay i n  th e  f a l l .  
Ten day moving av e ra g e  w a te r  v e c t o r s  a r e  p l o t t e d  t o  t h e  
same s c a l e  as  th e  c h a r t s .  "B es t"  40-day  v e c to r  i s  shown 
in  b o ld ,  above th e  t im e  l i n e .  T r ia n g le  i n d i c a t e s  t im e  o f  
c e s s a t i o n  o f  th e  summer w ind .
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F ig u re  10 .4
On t h e  c u r v e  i s  1982 maximum f a l l  r e c ru i tm e n t  p r e d i c t e d  
from WINDEX ( J „ , v *= 2 4 1 . 2 7 ) .  A c t u a l  1982 maximum f a l lrutA
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F ig u re  1 0 .5
Summer 1 9 8 3  y e a r  c l a s s  o f  c r o a k e r  = 2 4 .0 9 )5 Un
p r e d ic te d  from 1983 J a n u a r y - F e b r u a r y - M a r c h  t e m p e r a t u r e  
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s t r e n g t h  “  3 1 .3 6 )  i s  o n ly  s l i g h t l y  h ig h e r  th a n  t h a t  p r e d i c t e d  by
te m p e ra tu re  and w ind-induced  t r a n s p o r t  (F ig u re  1 0 .6 ) .
DISCUSSION
I n t e r p r e t a t i o n  o f  t h i s  m u l t i -d im e n s io n a l  model i s  n o t  s im p le ,  
i n  p a r t  b e c a u s e  o f  t h e  l a r g e  number o f  p a r a m e t e r s  i d e n t i f i e d  w h ich  
d e t e r m i n e  t h e  r e s u l t s .  The model w i l l  be i n t e r p r e t e d  f o r  a few y e a r s ,  
i n c lu d in g  feedback  th ro u g h  spawning s to ck  s i z e .  The f i r s t  i s  t h e  y e a r  
c l a s s  o f  1 9 7 4 .  I n  t h e  f a l l  o f  1973, th e r e  was a sm a l l  spawning s to c k  
s i z e ,  e a r l y  wind c e s s a t i o n  (Sub  Model I  -  F a r t  1) and  good t r a n s p o r t  
(Sub  M odel I  -  P a r t  2) r e s u l t i n g  i n  good ju v e n i l e  r e c r u i tm e n t  i n t o  th e  
Chesapeake Bay in  th e  f a l l .  The w in te r  o f  1974 was t h e  w arm es t  o f  t h e  
t im e  s e r i e s  (Sub Model I I ) ,  and an e x c e l l e n t  y e a r  c l a s 6  was produced in  
th e  summer o f  1974.
The y e a r  c l a s s  o f  1975 was good. There  was an  ave rage  s to ck  
s i z e  i n  th e  f a l l  o f  1974, ave rage  tim e o f  summer w ind  c e s s a t i o n ,  p o o r  
t r a n s p o r t  and poor f a l l  r e c r u i tm e n t .  However th e  w in te r  te m p e ra tu re  was 
warm and a  good summer y e a r  c l a s s  was produced in  1 9 7 5 .  The 1976 y e a r  
c l a s s  was a l s o  good. S tock  s i z e  in  1975 was a v e ra g e ,  in c re a s e d  somewhat 
by th e  f a v o r a b l e  y e a r  c l a s 6  two y e a r s  e a r l i e r .  The w ind  c e s s a t i o n  was 
l a t e ,  b u t  t r a n s p o r t  was good  a s  was f a l l  r e c r u i t m e n t .  The w i n t e r  
te m p e ra tu re  was warm and a good 1976 summer y e a r  c l a s s  r e s u l t e d .  The 
1977 y e a r  c l a s s  was poor d e s p i t e  th e  e a r l i e s t  summer wind c e s s a t i o n  o f  
th o s e  examined and th e  b e s t  t r a n s p o r t  in d e x  in  f a l l  o f  1 9 7 6 .  S e v e r a l  
r e c e n t  s t r o n g  y e a r  c l a s s e s  had improved th e  s to c k  s i z e  (Sub Model I I I )
F ig u re  10 .6
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and f a l l  r e c ru i tm e n t  was e x c e l l e n t .  However, a  weak y e a r  c l a s s  r e s u l t e d  
a f t e r  a r e c o rd -c o ld  w in t e r .
The y e a r - c l a s s  s t r e n g t h  p r e d i c t e d  i s  t h e  summer j u v e n i l e  
s u r v iv a l  o f  c ro ak e r  to  age 0 . T h is  index  (Jggjj) was b a s e d  o n  m o n th ly  
y o u n g - o f - t h e - y e a r  i n d i c e s  o f  c r o a k e r  t a k e n  by  t h e  VIMS t r a w l  
su rv e y ,a v e ra g e d  A p r i l  t h r o u g h  S e p te m b e r .  U n f o r t u n a t e l y ,  a s  o f  t h i s  
w r i t i n g ,  December 1 9 8 3 ,  t h e  1983 d a t a  a r e  n o t  a v a i l a b l e  on com puter, 
making i t  im p o ss ib le  t o  t e s t  t h e  p r e d i c t e d  v a l u e  a g a i n s t  t h e  a c t u a l  
v a l u e .  H ow ever,  i t  i s  known t h a t  t h e r e  were " a  l o t "  o f  young c ro a k e r  
a ro u n d  i n  t h e  summer o f  1 9 8 3 .  T h e re  h a v e  b e e n  r e p o r t s  o f  p i n h e a d  
( y o u n g - o f - t h e - y e a r )  c ro a k e r  from b o th  r e s e a r c h  sampling and f ish e rm e n .  
There were even y o u n g - o f - t h e - y e a r  c r o a k e r ,  w h ic h  h a v e  b e e n  uncommon 
s in c e  1976, in  th e  Maryland w a te r s  o f  th e  Chesapeake Bay in  1983.
The r e s u l t i n g  m o d e l i s  a  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  
c o n t r i b u t i o n  and  v a r i a b i l i t y  o f  mechanisms p roduc ing  in t e r a n n u a l  y e a r -  
c l a s s  f l u c t u a t i o n s  in  r e c r u i tm e n t .  These have been c h a r a c t e r i z e d  as  th e  
roost c r i t i c a l  c o n s id e r a t io n s  in  f i s h  p o p u la t io n  dynamics (Cushing 1973, 
McKelvey e t  a l .  1980).  Development o f  t h i s  ty p e  o f  model i s  s i g n i f i c a n t  
s i n c e  r e c r u i t m e n t  p r o c e s s  m o d e ls  a r e  t h o u g h t  t o  o f f e r  t h e  l a r g e s t  
p o t e n t i a l  improvement i n  p r e d i c t i v e  c a p a b i l i t y  (Turgeon 1983) . Complex 
m u l t i s t a g e  r e c r u i t m e n t  p ro c e s s e s  a r e  more a d e q u a te ly  d e s c r ib e d  th rough  
s t a t i s t i c a l  a n a ly se s  th an  by s im ple  s to c k - r e c ru i tm e n t  th e o ry .  In  s to c k -  
r e c r u i t m e n t  th e o ry  on ly  one o b s e r v a t io n  i s  made a n n u a l ly ,  th u s  r e l a t i n g  
n o t  o n ly  t o  p a r e n t  s t o c k  b u t  a l s o  to  t h e  f l u c t u a t i n g  e n v i r o n m e n t a l  
c o n d i t i o n s ,  a l t h o u g h  o n ly  a m e a s u re  o f  t h e  s t o c k  i s  in c lu d e d .  T h is  
s im p le  t h e o r y  may n o t  a lw a y s  b e  b i o l o g i c a l l y  a p p r o p r i a t e  and  m o re  
c o m p le x  s e a s o n a l  m u l t i - d i m e n s i o n a l  m o d e ls  o f  n u m e r i c a l  p o p u l a t i o n
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dynam ics may be r e q u i r e d  f o r  b i o l o g i c a l  r e a l i s m  and f o r  m e a n in g f u l  d a t a  
a n a l y s i s  (Hankin 19 8 0 ) .
The m u l t i s t a g e  r e c r u i t m e n t  p r o c e s s  i s  i g n o r e d  b y  m o s t  
r o u t i n e l y  used  methods o f  c a l c u l a t i n g  s to c k  s i z e .  One o f  th e se*  c a t c h -  
p e r - u n i t - e f f o r t  (CPUE), i s  b a se d  on th e  o f t e n  i n v a l i d  a s s u m p t i o n s  t h a t  
CPUE i s  p r o p o r t i o n a l  t o  a b u n d a n c e  and  t h a t  e f f o r t  i s  s t a n d a r d i z e d  
(Kimura 19 8 1 ) .  S tock  p ro d u c t io n  models f o r  lo n g - te rm  f o r e c a s t s  p r e d i c t  
n e x t  y e a r ' s  CPUE based  on t h i s  y e a r ' s  CPUE. A u to re g re s s iv e  t im e s e r i e s  
m e th o d s  may b e  j u s t  a s  u s e f u l  ( S t o c k e r  a n d  H i l b o r n  1 9 8 1 )  . I n  a  
c o m p a r i s o n s  w i t h  D o v e r  ( H i c r o s t o m u s  p a c i f i c u s ) a n d  E n g l i s h  s o l e  
( P a ro p h rv s  v e t u l u s ) .  th e  a n o t h e r  m e th o d ,  V i r t u a l  P o p u l a t i o n  A n a l y s i s  
(V PA ), was fo u n d  t o  b e  a b e t t e r  d e t e r m i n a n t  o f  y e a r - c l a s s  s t r e n g t h  
change t h a n  CPUE. H o w e v e r ,  i n  e i t h e r  m o d e l ,  t h e  v a r i a n c e  f ro m  t h e  
c e n t r a l  t r e n d  o f  t h e  m o d e l  i s  p r o b a b l y  due  t o  e n v i ro n m e n ta l  f a c t o r s  
(Hayman, T y le r  and Demory 19 8 0 ) .
VPA, o r  c o h o r t  a n a l y s i s ,  ga in ed  p o p u l a r i t y  b eca u se  o f  t h e  need 
f o r  e f f o r t - i n d e p e n d e n t  d a t a .  However, VPA a n a l y s i s  r e q u i r e s  in fo rm a t io n  
a b o u t  t h e  s t o c k ,  i n c l u d i n g :  e s t i m a t e s  o f  p a s t  and  p r e s e n t  a g e
co m p o s i t io n  o f  th e  s t o c k ,  n u m b e r s - a t - a g e  o f  f i s h  i n  t h e  s t o c k  i n  t h e  
c u r r e n t  y e a r  and  f o r  t h e  o l d e s t  f i s h  i n  a l l  y e a r s ,  an  e s t i m a t e  o f  
r e c r u i t m e n t  t o  t h e  f i s h e r y ,  w e ig h t  o f  t h e  s t o c k ,  g ro w th  r a t e s ,  and  
f i s h i n g  m o r t a l i t y  ( P i e r c e  and Hughes 1979, Cook 1981) .  VPA c a l c u l a t i o n s  
do n o t  p ro v id e  f o r e c a s t s ,  how ever, a s  e s t im a te s  o f  th e  most r e c e n t  y e a r  
o r  two a r e  s u b j e c t  to  g r e a t  e r r o r  (Cook 1981, Turgeon 1983) .
T he c o n c e p t u a l  l i n k s  b e t w e e n  t h e  p r e d i c t a b l e  sum m er 
r e c r u i t m e n t  o f  c r o a k e r ,  y e a r - c l a s s  s t r e n g t h  and commercial c a t c h  have 
b een  developed  a s  d e p ic te d  i n  Sub Model I I I  ( F i g u r e  1 0 . 2 ) .  H ow ever ,
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v e r y  l i t t l e  a p p r o p r i a t e  d a ta  e x i s t  f o r  A t l a n t i c  c r o a k e r .  The a n a l y s i s  
o f  th e  f i s h e r y  in  C hap te r  8 r e v e a l s  t h a t  a g e  c o m p o s i t i o n  o f  t h e  s t o c k  
( c a t c h )  i s  n o t  a c c u r a t e l y  sam pled. Thus, age com posi t ion  o f  th e  s to ck  
cannot be e s t im a te d  f o r  u se  in  a  m odel. An index o f  f i s h i n g  p r e s s u r e ,  
and  i t s  c h a n g e s  w i t h  y e a r - c l a s s  s t r e n g t h  a r e  n e e d e d  to  q u a n t i f y  th e  
rem ainder o f  th e  m odel. T h e r e f o re ,  though  j u v e n i l e  y e a r - c l a s s  s t r e n g t h  
o f  ag e  0 c r o a k e r  i n  t h e  C h e s a p e a k e  Bay can  b e  p r e d i c t e d  w i th  t h i s  
m odel, la c k  o f  n e c e s s a ry  commercial c a t c h  d a t a  p r e v e n ts  e x te n s io n  o f  th e  
m ode l t o  p r e d i c t i n g  c o m m e rc ia l  c a t c h .  A d d i t i o n a l l y ,  s to c k  s i z e  vas  
found t o  h av e  a o n l y  s l i g h t  e f f e c t  i n  d e t e r m i n i n g  r e c r u i t m e n t  when 
i n c l u d e d  w i th  t h e  a p p r o p r i a t e  en v iro n m en ta l  f a c t o r s .  B e t t e r  e s t im a te s  
o f  spawning s to c k  s i z e ,  v i a  improved commercial c a t c h  d a t a ,  may ch an g e  
t h i s  r e l a t i o n s h i p ,  p a r t i c u l a r l y  d u r i n g  y e a r s  o f  e i t h e r  v e ry  l a r g e  o r  
v e ry  poor spawning s to c k .
CONCLUSIONS
The m ode ll ing  app roach  employed h e r e  i s  m u l t i - d i s c i p l i n a r y .  
S in c e  t h e r e  m us t b e  a  s t a r t i n g  p l a c e  fro m  w h ich  t o  b e g in  m o d e ll in g ,  
l o g i c a l l y  t h i s  shou ld  in c lu d e  e a r l y  l i f e  h i s t o r y  s t a g e s  o f  i n d i v i d u a l  
s p e c i e s  and d i r e c t  r e l a t i o n s  w i th  am bient p ro c e s s e s  (Sharp  1980).  The 
p ro c e s s  used  h e re  b e g in s  w ith  i d e n t i f i c a t i o n  o f  a p h y s i c a l  s y s te m  such  
t h a t  i t s  d e v i a t i o n s  f ro m  n o rm a l  c o u l d  a f f e c t  l a r v a l  s u r v i v a l ,  and 
b i o l o g i c a l  systems ( s p e c i e s )  which a r e  l i k e l y  t o  b e  a f f e c t e d  by  t h e s e  
a n o m a l i e s .  The e m p i r i c a l  r e l a t i o n s h i p s  a r e  u sed  as t o o l s  to  i d e n t i f y  
t h e  m echan ism s d r i v i n g  t h e  r e c r u i t m e n t  s u c c e s s  o r  f a i l u r e .  S u ch  
m e c h a n i s t i c  m o d e ls  a r e  more r e a l i s t i c  in  t h a t  th e y  r e p r e s e n t  an a c t u a l  
cou rse  o f  ev en ts  (P ie lo u  1981).  The p u r p o s e  i s  t o  i d e n t i f y  t h e  m a jo r
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f a c t o r s  which r e s u l t  in  anomalous y e a r - c l a s s  s t r e n g t h s .  The r e s u l t  i s  a 
c o m p l i c a t e d ,  m u l t i s t a g e  p r o c e s s  a s  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n ,  
b e c a u se  each  f a c t o r  does n o t  c o n t r i b u te  e q u a l ly ,  n o r  i s  i t s  s i g n i f i c a n c e  
th e  same each y e a r .
G u l la n d  (1 9 6 5 )  p o i n t e d  o u t  t h a t  th o u g h  many c o r r e l a t i o n s  
b e tw e e n  y e a r - c l a s s  s t r e n g t h  and e n v i r o n m e n t a l  f a c t o r s  h a v e  b e e n  
s u g g e s t e d ,  few h a v e  s to o d  t h e  t e s t  o f  t im e .  The purpose  o f  beg in n in g  
w i t h  a  l e n g t h y  t im e  s e r i e s  i s  to  e n a b l e  i d e n t i f i c a t i o n  o f  t r e n d s ,  
p a t t e r n s  an d  a n o m a l i e s .  A lo n g e r  d a t a  s e t  i6  more l i k e l y  to  in c lu d e  
more v a r i a b i l i t y .  Long tim e s e r i e s  o f  b o th  b i o l o g i c a l  and p h y s ic a l  d a ta  
a r e  now b eco m in g  a v a i l a b l e  t o  accom m odate t h i s  ty p e  o f  m o d e l l i n g .  
Models shou ld  be used a s  h y p o th e s i s -g e n e ra t in g  t o o l s  ( F ie lo u  1981 ) .  The 
a p p a r e n t  f a i l u r e  o f  a n y  m odel should  b e  viewed as  an e x te n s io n  o f  th e  
i t e r a t i v e  p ro c e s s  o f  th e  m o d e l l in g  e f f o r t .  P a r a m e t e r s  may h a v e  b e e n  
m e a su re d  to o  i m p r e c i s e l y ,  th e  wrong p a ram e te rs  may have been  m easured , 
m u l t i - s p e c i e s  a n d / o r  l i f e - s t a g e  i n t e r a c t i o n s  may h a v e  b e e n  d o m in a n t  
( Z w e i f e l  1 9 8 0 ) ,  o r  c o n d i t i o n s  may h a v e  c h a n g e d  su ch  t h a t  a f a c t o r  
o r i g i n a l l y  un im p o rtan t  became dom inant.
A management b i o l o g i s t  must choose th e  b e s t  method f o r  s h o r t ­
te rm  f o r e c a s t s .  R e l a t i v e ly  good f o r e c a s t s  e x i s t  t h a t  do n o t  im p ly  a 
f u n d a m e n ta l  u n d e r s t a n d i n g  o f  th e  s y s te m  ( S t o c k e r  and H ilb o rn  1981).  
T h e re fo re ,  models th a t  a r e  e m p i r i c a l l y  b a s e d  s h o u ld  n o t  b e  d i s c a r d e d  
b e c a u s e  o f  l a c k  o f  e x p l a n a t o r y  c o m p o n e n ts .  Such models can be used  
f u n c t i o n a l l y  i f  th e y  p ro v id e  t h e  b e s t  a v a i l a b l e  f o r e c a s t .  They a l s o  
p r o v i d e  i n s i g h t  i n t o  n e e d e d  e x p e r i m e n t a l  d e s ig n ,  i d e n t i f i c a t i o n ,  and 
v e r i f i c a t i o n  of mechanisms.
Tbe e m p i r ic a l  model o f  j u v e n i l e  c ro a k e r  r e c r u i tm e n t  p re s e n te d  
h e re  p ro v id e s  t h e  b e s t  e s t i m a t e  o f  r e c r u i t m e n t  c u r r e n t l y  a v a i l a b l e .
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R ic h k u s ,  Summers, P o lg a r  and H olland  (1980a) have examined p o s s i b i l i t i e s  
o f  m o d e l l i n g  c r o a k e r  i n  t h e  C h e s a p e a k e  B ay . T h e y  d e t e r m i n e d  t h e  
f o l l o w i n g :  t h a t  c r o a k e r  h a v e  a  n o n d e t e r m i n i s t i c  s t o c k - r e c r u i t m e n t
r e l a t i o n s h i p ;  t h a t  t o t a l  y i e l d  d a t a  do n o t  e x i s t ;  t h a t  a s u r p l u s  
p r o d u c t i o n  m odel c o u ld  no t  be u s e d ;  t h a t  i n s u f f i c i e n t  d a t a  e x i s t  f o r  a 
y i e l d - p e r - r e c r u i t  m odel; and t h a t  a  s t a t i s t i c a l  o r  a s im u la t io n  model o f  
e n v i r o n m e n t a l  f a c t o r s  a f f e c t i n g  c r o a k e r  was t h e  m o s t  l i k e l y  t o  be  
s u c c e s s f u l .  T h is  model has i d e n t i f i e d  t h e  s i g n i f i c a n t  f a c t o r s  w h ich  
a f f e c t e d  c r o a k e r  r e c r u i tm e n t  d u r in g  th e  tim e s e r i e s  which was s t u d i e d .  
The c o n c e p tu a l  model and flow diagram have i d e n t i f i e d  v u ln e r a b le  p e r io d s  
o f  t h e  c r o a k e r  l i f e  h i s t o r y  and  i n d i c a t e  l a b o r a to r y  and f i e l d  s tu d ie s  




1 .  A c o n c e p t u a l  l i f e  h i s t o r y  o f  A t l a n t i c  c ro a k e r  (M icropogonias 
u n d u la tu s )  was developed  to  i d e n t i f y  th e  e f f e c t s  o f  t h e  e n v i ro n m e n t  on 
re c ru i tm e n t  (F ig u re  3 . 1 ) .  A du lt  spawning and l a r v a l  d i s t r i b u t i o n  on th e  
s h e l f ,  and  j u v e n i l e  o v e r w i n t e r i n g  w i t h i n  t h e  C h e s a p e a k e  Bay w e re  
i d e n t i f i e d  as  key p e r io d s  o f  env ironm en ta l v u l n e r a b i l i t y .
2 .  Sub M o d e l  I  -  P a r t  1 ( F i g u r e  1 1 . 1 )  e n c o m p a s s e s  t h e
i n t e r a c t i o n s  o f  t h e  tim e o f  c e s s a t i o n  o f  th e  summer wind regim e in  th e  
M id -A tla n t ic  B ig h t ,  d i s t r i b u t i o n  o f  warm b o t to m  w a t e r s  (> 1 6 0C ) ,  and 
c r o a k e r  spaw n ing  t i m e ,  l o c a t io n  and m ig r a t i o n .  When th e  s e a s o n a l  wind 
c e s s a t i o n  occu rs  e a r l i e r ,  th e  bottom  w a t e r s  warm e a r l i e r  and  a l a r g e r  
a re a  o f  warm (>160C) e x i s t ,  c ro a k e r  m ature  e a r l i e r  and can spawn f a r t h e r  
n o r t h .  ThiB r e s u l t s  in  enhanced r e c ru i tm e n t  o f  j u v e n i l e  c r o a k e r  t o  t h e  
Chesapeake Bay.
3 .  Sub Model I  -  P a r t  2 (F ig u re  1 1 . 1 )  r e p r e s e n t s  t h e  e f f e c t  o f
w i n d - i n d u c e d  t r a n s p o r t  o f  l a r v a l  c r o a k e r  on r e c r u i t m e n t  t o  t h e  
Chesapeake Bay. The p e l a g ic  phase  i s  th e  most c r i t i c a l  tim e in  th e  l i f e  
h i s t o r y  o f  a l a r v a l  c r o a k e r  a s  t h e y  a r e  s u b j e c t e d  to  w in d - in d u c e d  
t r a n s p o r t  which may cause  d i r e c t  lo s s  o f f  th e  s h e l f  and  e n t r a i n m e n t  i n  
t h e  G u lf  S t r e a m ,  o r  i n d i r e c t  lo s s  by p ro lo n g in g  t im e  in  t r a n s i t  to  th e  
n u r s e ry  a r e a .  L a rv a l  d e sc e n t  i n  th e  w a te r  column p r o x im a l  t o  t h e  mean
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F ig u re  11.1
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inw ard  bottom  f lo w , w i l l  t r a n s p o r t  th e  c ro ak e r  i n t o  th e  C hesapeake  B ay .
T h e  p o t e n t i a l  l o s s  o f  la rv a e  i s  g r e a t l y  reduced  once th e y  have  reached
t h i s  s t a g e .  The m agnitude o f  t h i s  w ind-induced  e f f e c t  i s  a f u n c t i o n  o f
t h e  d i r e c t i o n ,  s t r e n g t h ,  d u r a t io n  and time r e l a t i v e  t o  spawning, which
i s  in c o rp o ra te d  in t o  a s in g l e  v a r i a b l e  (WIin}EX*=W). The maximum num ber
2
o f  f a l l  r e c r u i t s  i s  q u a n t i f i e d  as  (R «= 0 .6 5 ,  n“ l l ) :
J uav ■ 18.11 + (3.90*W) + (0.86*W2)MAX
4 .  Sub Model 11 ( F i g u r e  1 1 .1 )  q u a n t i f i e s  t h e  e f f e c t  o f  low
te m p e ra tu re s  on subsequen t summer r e c ru i tm e n t  o f  j u v e n i l e  c ro a k e r  in  th e  
C h e s a p e a k e  B a y .  W in te r  t e m p e r a t u r e  i s  shown in  t h i s  s t u d y  a s  t h e  
p redom inan t v a r i a b l e  i n  v e r y  c o l d  y e a r s ,  b u t  n o t  i n  v e r y  warm y e a r s  
(R2 = 0 .7 8 ,  n = 2 9 ) ;
J CTTlt = 118.07 -  (5 3 .0 2 * JFM) + (5.99*JFM2 )oUfl
5 .  T h i s  s t u d y  a d d i t i o n a l l y  combines an  index o f  th e  su ccess  o f
f a l l  r e c ru i tm e n t  from Sub Model 1 w i th  Sub Model I I .  T h is  im p ro v es  t h e  
e x p la in e d  v a r i a t i o n  by a c c o u n tin g  fo r  th e  yearB when y e a r  c l a s s  s t r e n g t h  
i s  n o t  s o l e l y  d e p e n d e n t  u p o n  t e m p e r a t u r e  ( F i g u r e  1 1 . 1 ) .  T h e  
r e l a t i o n s h i p  e s t a b l i s h e d  h e re  a l s o  shows t h a t ,  though t h e  te m p era tu re  i s  
o f t e n  th e  m ajor f a c t o r  d e te rm in in g  w in te r  s u r v i v a l ,  th e  m agnitude o f  i t s
e f f e c t  i s  r e l a t e d  to  t h e  i n i t i a l  s t r e n g t h  o f  y e a r - c l a s s  r e c r u i tm e n t .
+ 2 Y e a r - c la s s  s t r e n g t h  o f  0 c ro ak e r  i s  q u a n t i f i e d  a s  (R *= 0 .9 2 ,  n = l l ) :
J CTT„  = 127.75 -  (70 .84*JFM) + (6.28*W) -  (0.23*W2)bUrl
6 .  C roaker a re  shown to  be  b a s i c a l l y  a d e n s i ty - in d e p e n d e n t  s to c k ;
a n d  j u v e n i l e  r e c r u i t m e n t  i s  e r r a t i c  and d e p e n d e n t  upon  s p e c i f i c  
en v iro n m en ta l  p a r a m e te r s .  The e f f e c t  o f  sp aw n in g  s t o c k  s i z e  may o n ly
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becom e a p p a re n t  a f t e r  a c c o u n tin g  f o r  th e  e f f e c t s  o f  d e n s i ty - in d e p e n d e n t  
v a r i a b l e s .  I n  th e  m odel, t h i s  i s  t h e  f e e d b a c k  f ro m  c o m m e rc ia l  c a t c h  
t h r o u g h  s p a w n i n g  s t o c k  a n d  b a c k  t o  t h e  r e c r u i t m e n t  p r o c e s s e s .  
T h e r e f o r e ,  th e  V irg in ia -N o r th  C a ro l in a  w i t h i n - t h e - b a y  l a n d i n g s ,  a s  an  
in d e x  o f  s to c k  s i z e ,  were in c o rp o ra te d  i n t o  th e  m odel. I t  was in c lu d e d  
i n  a m u l t ip l e  r e g r e s s io n  w ith  th e  q u a d r a t i c  and l i n e a r  forms o f  J a n u a ry -  
F e b r u a r y - M a r c h  t e m p e r a t u r e  (JFM) and w ind-induced  t r a n s p o r t  (WINDEX). 
The a d d i t i o n  o f  t h e  V irg in ia -N o r th  C a ro l in a  index o f  s to ck  s i z e  (VN) i n  
thousands  o f  pounds, produces  th e  fo l lo w in g  e q u a t io n  (R = 0 .9 6 ,  n = l l ) : 
J_ _ „  ■ 82.69 -  63 .24*JFM + (7.29*JFM2 ) + 6.54*W -  (0.25*W2) + 0.0015*VNbUM
7 .  Sub Model I I I  (F ig u re  1 1 .1 )  r e p r e s e n t s  th e  im portance  o f  y e a r -
c l a s s  s t r e n g t h  to  t h e  c o m m e rc ia l  c a t c h  o f  c r o a k e r .  B e c a u se  o f  t h i s  
d e n s i t y - i n d e p e n d e n c e  an d  e n v i ro n m e n ta l  v u l n e r a b i l i t y  o f  l a rv a e  on th e  
s h e l f  and ju v e n i l e s  in  th e  e s t u a r i e s ,  y e a r - c l a s s  s t r e n g t h  f l u c t u a t e s  
m arked ly  in  c r o a k e r .  F i s h in g  p r e s s u r e  i n  a d d i t i o n  t o  th e s e  f l u c t u a t i o n s  
caused  th e  in t e r a n n u a l  v a r i a b i l i t y  i n  c r o a k e r  c a t c h .  O v e r f i s h i n g  a 
weak y e a r  c l a s s  re d u c e  spawning p o t e n t i a l .  S e v e ra l  weak y e a r  c l a s s e s  i n  
s u c c e s s i o n  ( e . g .  1 9 7 7 -1 9 7 9 )  i n c r e a s e  t h e  f i s h i n g  p r e s s u r e  on  e a c h  
i n d i v i d u a l  y e a r  c l a s s ,  f u r t h e r  r e d u c i n g  spawning p o t e n t i a l .  F is h in g  
p r e - s p a w n e r s , 0 and  I  , i s  a c c e p t a b l e  o n l y  when y e a r  c l a s s e s  a r e  
s t r o n g .
8 .  The m odel, t e s t e d  f o r  1 9 8 2 -8 3  d a t a ,  p r e d i c t s  a s t r o n g  y e a r
c l a s s .  The VIMS t r a w l  s u r v e y  d a t a  a r e . n o t  c u r r e n t l y  (December 1983) 
a v a i l a b l e  w ith  which to  v e r i f y  th e  p r e d i c t i o n .  C a tc h  d a t a  a r e  o f  to o  
p o o r  a r e s o l u t i o n  t o  u s e  as  in p u t  t o  th e  m ode l,  thuB p r o h i b i t i n g  o u tp u t  
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A ppendix 4 .1 .1  -  F ig u re s
Comparison o f  o f f s h o re  c l im a t o lo g i c a l  mean m o n th ly  w in d s  
t o  w in d s  a t  N o r f o lk  a i r p o r t .  The u p p e r  number i s  th e  
d i r e c t i o n a l  ad ju s tm en t ( d e g r e e s  o f  t h e  r i g h t )  f o r  t h a t  
a r e a  and  t h e  lo w er  num ber i s  t h e  f a c t o r  by  w h ich  th e  
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APPENDIX 4 .1 .2  
A n a ly s is  o f  C l im a to lo g ic  Comparison
•ft
o f  N o rfo lk  and O ffsh o re  Winds
is
P ro v id ed  by F r e d e r i c  G odsha ll  (NOAA/NESDIS/MEAD p e r s .  comm.)
C o m p a r iso n s  w ere  made o f  N o r f o lk  a i r p o r t  w inds  and  winds 
observed  a t  sea  between 39°N and 35°N and  76°W and  74°W. I n  g e n e r a l ,  
t h e  w i n t e r  s e a s o n  a d j u s t m e n t s  a r e  w i th  r e s p e c t  t o  d i r e c t i o n  and th e  
summer a r e  w i th  r e s p e c t  to  sp e e d .  The m onth ly  wind d i r e c t i o n  and sp e e d  
a d ju s tm e n t  f a c t o r s  a r e  s l i g h t .
The w in te r  season  iB a t im e  o f  g r e a t e r  a i r - s e a  t e m p e r a t u r e  
d i f f e r e n c e s  which promote o f f s h o r e  i n s t a b i l i t y  o f  th e  boundary  l a y e r  and 
exchange o f  momentum w ith  in c re a s e d  h e ig h t  above th e  s u r f a c e .  From t h e  
t h e o r e t i c a l  c o n s i d e r a t i o n s  o f  t h e  a tm o s p h e r ic  Ekman s p i r a l ,  th e  wind 
shou ld  v e e r  w i th  in c re a s e d  h e ig h t  th ro u g h  t h e  b o u n d a ry  l a y e r . H e n c e , 
t h e  downward momentum exchange would promote s u r f a c e  wind v e e r in g  from 
co aB ta l  o b s e r v a t i o n s .  T h e r e f o r e ,  t h e  r e s u l t s  o f  t h e s e  c o m p a r i s o n s ,  
w h ich  i n d i c a t e  s l i g h t  a d ju s tm e n t  to  th e  N o rfo lk  w ind , a re  in  l i n e  w ith  
t h e o r i c a l  c o n s i d e r a t i o n s ,  i . e . ,  a n t i c l y c l o n i c  t u r n i n g  o f  w in d  i n  
o f f s h o r e  a r e a s  d u r in g  w i n t e r .
The speed a d j u s t m e n t ,  b e i n g  l a r g e r  i n  t h e  summer, seems to  
r e f l e c t  t h e  c l i m a t o l o g i c a l  sp eed  d i f f e r e n c e s  common t o  c o a s t a l  a r e a s .
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I t  i s  f r e q u e n t l y  ca lm  o n s h o r e  w h i l e  o f f s h o r e , sp e e d  i n c r e a s e s  a r e  
commonly e x p e c te d .
I n  a p p l i c a t i o n  o f  t h e  w ind  a d j u s t m e n t s ,  t h e  f a c t o r s  a r e  so 
sm all  t h a t  t h e  a d ju s tm e n ts  a r e  p r a c t i c a l l y  i n  th e  n o i s e  l e v e l .  However, 
knowledge o f  th e  m agnitude o f  th e  s h o re - s e a  d i f f e r e n c e s  may b e  h e l p f u l  
f o r  th e  purpose  o f  e s t a b l i s h i n g  l i m i t s  o f  d a t a  a p p l i c a t i o n .
Appendix A .1 .3  -  F ig u re
C o m p a r iso n  o f  t h e  t im e  o f  c e s s a t i o n  o f  th e  summer wind
2 Q
and th e  a r e a  (nmi) o f  w a te r  16 C and warmer, u n a d j u s t e d  
f o r  c o l l e c t i o n  t im e ,  1967-1981: 
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Appendix 4 . 1 . 4  -  F ig u re
Comparison o f  th e  tim e o f  d a t a  c o l l e c t i o n  and  t h e  a r e a
2 o(n m i)  o f  w a t e r  16 C and warmer, u n a d ju s te d  f o r  t im e  o f
wind c e s s a t i o n ,  1967-1981:
y -  (827*x) -  476 , (R2= 0 .6 1 ,  n=26)
10000 -
5 10
TIME OF COLLECTION <MONTH/3)
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Appendix 4 . 1 .5  -  F ig u re s
2 oThe a r e a  (nmi) o f  w a te r  16 C and warmer (y )  a t  s p e c i f i e d  
t im e  p e r i o d s .  C a l c u l a t e d  from  w i n d ~ c r u i s e  i n t e r v a l  
r e l a t i o n s h i p  ( F i g u r e  4 . 1 .4 )  and b ased  on tim e  o f  summer 
wind c e s s a t i o n  ( x ) .
P r e d ic t e d  a t  th e  end o f  A ugust: 
y -  12242 -  (1031*x) ,  (R2= 0 .7 4 ,  n=26) .
P r e d ic t e d  a t  th e  b e g in n in g  o f  September: 
y = 11542 -  (7 6 8*x) ,  (R2-  0 .5 9 ,  n=26).
P r e d ic t e d  a t  th e  m idd le  o f  September: 
y = 11279 -  (6 5 8 * x ) , (R2= 0 .5 8 ,  n=26).
P r e d ic t e d  a t  th e  end o f  September: 
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APPENDIX 4 .1 .6  
Cold Poo l Movement
The co ld  p o o l  r e s u l t s  from w in te r  c o o l in g  o f  mixed s h e l f  w a te r  
and th e  fo rm a tio n  o f  th e  summer th e rm o c lin e  o v er  t h a t  w a te r  (Houghton e t  
a l .  1 9 8 2 ) .  H ow ever ,  t h e  c o r e  o r  minimum te m p e ra tu re  w i th in  th e  co ld  
p o o l i s  n o t  a c o n s e rv a t iv e  f e a t u r e  and i s  n o t  u n i fo rm  a l o n g  t h e  s h e l f .  
A l o n g - s h e l f  h e a t i n g  r a t e s  v a r y  f ro m  0 .5 °C  p e r  m on th  i n  th e  New York 
B ig h t  (NYB) n o r t h  o f  H udson C an y o n , t h r o u g h  1°C p e r  m on th  o f f  New 
E n g la n d  d u r i n g  t h e  summer to  2°C p e r  month so u th  o f  Cape May, N. J .  i n  
March and A p r i l  (H o u g h to n  e t  a l .  1 9 8 2 ) .  A c c o r d i n g  t o  B e a r d s l e y ,  
B o i c o u r t  and  H an sen  ( 1 9 7 6 ) ,  t h e  mean s o u th w a rd  c o l d  poo l c u r r e n t  i s  
a b o u t  5 cm s, e q u a l l i n g  o r  e x c e e d in g  t h e  c u r r e n t  v e l o c i t y  o f  t h e  
s u r r o u n d i n g  w arm er w a te r .  Ou and Houghton (1982) have shown t h a t  b o th  
th e  i n i t i a l  co ld  w a te r  so u rce  and s p a t i a l  n o n -un ifo rm  h e a t in g  r a t e s  a r e  
im p o r t a n t  in  e x p la in in g  th e  d i f f e r e n t i a l  a lo n g sh o re  f low  r a t e s  measured 
by Houghton e t  a l .  (1 9 8 2 ) .  N an tucke t Shoal (NSFE79), 5 .0  cms ; New York 
B ig h t  (SV 16), <2 cms ; s h e l f  o f f  so u th e rn  New J e r s e y  (USCG/B), 5 .6  cms. 
Thus, because  a l a rg e  volume o f  w in te r - c o o le d  w a te r  r e s i d e s  f o r  a lo n g e r  
t i m e  i n  t h e  New Y o rk  B i g h t  n o r t h  o f  H udson C an y o n ,  t h e  g r e a t e s t  
p e r s i s t e n c e  o f  co ld  p o o l  w a te r  w i th  t h e  minimum t e m p e r a t u r e  i s  fo u n d  
th e r e  in  e a r l y  s p r in g .
APPENDIX 4 .2
A ppendix 4 .2 .1  -  F ig u re
Comparison o f  th e  tim e o f  d a t a  c o l l e c t i o n  and  t h e  a r e a l  
2e x t e n t  (n m i)  o f  a d u l t  c r o a k e r ,  u n a d ju s te d  f o r  t im e  o f  
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A ppendix 4 .2 .2  -  F ig u re
R e la t io n s h ip  b e tw e e n  t h e  t im e  o f  c o l l e c t i o n  o f  b o t to m
t e m p e r a t u r e  d a t a  m in u s  t h e  t im e  o f  c e s s a t i o n  o f  t h e
summer wind regim e (w ind -  c r u i s e  i n t e r v a l )  and t h e  a r e a l
2e x t e n t  ( n m i )  o f  a d u l t  c r o a k e r :  































A ppendix 4 .2 .3  -  F ig u re s
2The a r e a l  e x t e n t  (nmi) o f  a d u l t  c ro a k e r  (y )  a t  s p e c i f i e d  
t im e  p e r i o d s  when m ig ra t in g  o u t  o f  th e  B ay , .  C a lc u la te d  
from w in d - c r u i s e  i n t e r v a l  ( F i g u r e  4 . 1 . 4 )  and  b a s e d  on 
tim e o f  summer wind c e s s a t i o n  ( s ) .
P r e d ic t e d  a t  th e  end o f  A ugust: 
y ■ 8645 -  (6 8 3 * x ) , (R2= 0 .5 4 ,  n = l l ) .
P r e d ic t e d  a t  th e  b e g in n in g  o f  Septem ber: 
y «* 8761 -  ( 557*x) , (R2= 0 .5 4 ,  n = l l ) .
P r e d ic t e d  a t  th e  m idd le  o f  Septem ber: 
y *= 8554 -  ( 557*x), (R2= 0 .5 2 ,  n = l l ) .
P r e d ic t e d  a t  th e  end o f  Septem ber: 
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A ppendix 4 .2 .4  -  F ig u re
L i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  t i m e  o f  t h e  w ind
c e s s a t i o n  and t h e  l a t i t u d e  o f  c r o a k e r  c o n c e n t r a t i o n :
2
from Delaware Bay, y = 39 -  ( Q . l * x ) ,  (R = 0 .5 6 ,  n = 3 ) , and 
from Chesapeake Bay, y  = 37 -  ( 0 .1 5 * x ) ,  (R = 0 . 5 2 ,  n = 4 ) . 
T h is  i s  th e  sou rce  o f  th e  l i n e s  in  F ig u re  4 . 2 . 8 .
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APPENDIX 5
A ppendix 5 .1  -  F ig u re
C o n f ig u ra t io n  o f  SIR schema f o r  d a t a  b a s e  m anagem ent o f  
VIMS t r a w l  s u r v e y  c r o a k e r  d a t a . See N o rc ro ss  and Shaw
(1983) f o r  d e t a i l s .
CASE: I YEAR I 
RECORD TYPE 1 : I YEAR I RIVER I MONTH I COLLNUM I DAY I TEMP I SALT I LAT I LONG I 
RECORD TYPE 2: I YEAR I RIVER i MONTH I COLLNUM I SPECIES I TOTALN I TOTAL'WT I AVGWT I 
RECORD TYPE 3 : I-YEAR- I COLLNUM I SPECIES I SIZEID I SIZE I 
APPENDIX 6
A ppendix 6 .1  -  F ig u re
Map o f  t h e  Mid A t l a n t i c  B ig h t  show ing  t h e  200 m depth  
c o n t o u r  ( d a s h e d )  and  t h e  w in d ,  s e a  l e v e l  and  c u r r e n t  
m e t e r  s t a t i o n s .  M o o r in g  408A i s  L o c a te d  n e a r  th e  
Chesapeake Bay mouth (from  B ea rd s le y  and B o ic o u r t  1 9 8 1 ) .  
C u rre n t  m e te r  d a ta  from  t h i s  s i t e  was used  f o r  comparison 
w ith  N o rfo lk  w inds .
.ft- V
A ppendix 6 .2  -  F ig u re
L o ca t io n  o f  14 s t a t i o n s  a t  t h e  C h e s a p e a k e  Bay m ou th  a t  
w h ich  t h e  d i s c r e e t  depth  p la n k to n  samples were c o l l e c t e d  
( J .  McConougha, ODU p e r s . comm.).
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L a rv a l  C roaker (M icropogonias u n d u la tu s )  
Specimens and Photographs
*
ID# POWER SOURCE/DESCRIPTION LENGTH MM/SLIDE
(mm)
21 12x from W. H e t t l e r ,  B eau fo r t  Lab.
Spawned 20 March 83 , ha tched
21 March 83, 16 hours o l d ,  ( 1 .8 )  9nl
4  eg g s .  ( 0 .6 )  3
1 25x on loan  from W illiam  H e t t l e r ,  2.375 2 4 s l
2 50x NOAA/NMFS/SEFC/Beaufort Lab.
3 50x 4 days o ld ,  #35 ABP r e f e r e n c e
4 25x c o l l e c t i o n .  2 4 s1
5 25x on lo an  from W illiam  H e t t l e r ,  2.531
6 25x NOAA/NMFS/SEFC/Beaufort Lab.
7 25x 5 days o l d ,  #46 ABP r e f  . c o l .  2 4 s l
♦ P o s i t io n in g  d i f f i c u l t  due to  p e c t o r a l  f i n  a n g le .
8 25x on loan  from W illiam  H e t t l e r ,  2.906 2 9 s l
9 25x NOAA/NMFS/SEFC/Beaufort Lab. 2 9 s l
10 50x 6 days o ld ,  #52 ABP r e f .  c o l .
11 25x * S l ig h t ly  t o r n .  2 9 s l
22 25x from W. H e t t l e r ,  B eau fo r t  Lab. ( 2 .4 )  12 s l
Spawned 20 March 83, h a tch ed  
21 March 83, 10 days o l d .
23 12x from W. H e t t l e r ,  B eau fo r t  Lab. ( 2 .4 )  12b1
24 12x Spawned 20 March 83, h a tch ed  12s1
21 March 83, 15 days o l d .
12 25x c o l l e c t e d  aboard DEL8106, by
13 25x B .L .N o rc ro ss ,  S e p t . 1981,
Oregon I n l e t ,  NC.
* I d 'd  by P e te r  B e r r ie n ,  NOAA/NMFS/NEFC/ Sandy 
Hook Lab, Jan u a ry  1982.
* I d 'd  by Bruce S te n d e r ,  SCMRRC, C h a r le s to n ,S C , 
September 1982.
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14 12x ODU # l l -6 m ,  28 S e p t .  1980, ( 5 .6 ) 28s 1
15 12x Chespeake Bay mouth, ( 4 .8 ) 24s 1
16 12x * l d 'd  by Bruce S te n d e r ,  SCMRRC, ( 3 .0 ) 1 5 s l
17 25x C h a r le s to n ,S C , S e p t .  1982. ( 3 .1 ) 3 1 s l
18 12x ODD #13-EB, 28 S e p t .  1980, ( 5 .4 ) 2 7 s l
19 12x Chesapeake Bay m outh, ( 3 .4 ) 1 7 s l
20 6x * I d 'd  by Bruce S te n d e r ,  SCMRRC, ( 3 . 2 , 8 ,1 1 ,1 3 ,1 5
C h a r le s to n ,S C , S e p t .  1982. 4 . 4 , 5 . 2 , 6 . 0 ) (4  f i s h )
25 25x ODU #12-6m, 28 S e p t .  1980, ( 6 .4 ) 3 2 s l
26 25x Chesapeake Bay m outh . ( 6 .4 ) 3 2 s l
* I d 'd  by M.A .Foe11, VIMS, Jan u ary  1983.
* I d 'd  by W. H e t t l e r  and J .G o v o n i, B eau fo r t  Lab.
A p r i l  1983.
32 25x c o l l e c t e d  aboard  R/V DELAWARE, by ( 1 .6 ) 1 6 s l
33 25x B .L .N o rc ro ss ,  S e p t .  1981. ( 1 .6 ) 1 6 s l
* I d 'd  as M e n t ic h i r r u s  bv Bruce S te n d e r .  SC
S e p t .  1982.
27 25x ODU #10-3m» 14 Aug. 1980, ( 2 .1 ) 2 1 s l
28 25x Chesapeake Bay m outh . ( 2 .3 ) 23s 1
29 25x * Id "d  as n o t  c r o a k e r ,  by J .  Govoni , B eau fo r t Lab.
p o s s i b l e  B a i r d i e l l a  o r  C vnosc ion . A p r i l  1983.
Length c a l c u la te d  from r a t i o  of s i z e  measured on s l i d e .  
P h o to g ra p h e d  by Dennis Thoney, 13 A p r i l  1983
A ppendix 6 .4  -  Text
N o r c r o s s ,  B. L .  and  R. F .  Shaw. I n  p r e s s .  O ceanic and 
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A b s t ra c t
Oceanic o r  c o a s t a l  spawning grounds o f  f i s h  a re  o f t e n  d i s t a n t  
from n u rse ry  a r e a s .  F ish  l a rv a e  r e q u i r e  a p p r o p r ia t e  c u r r e n t s  and 
s u f f i c i e n t  and s u i t a b l e  food du ring  t r a n s i t  to  re a c h  th e  n u rs e ry  a r e a  
a t  th e  p roper  t im e ,  s i z e ,  and c o n d i t io n .  M eteo ro lo g ic  and 
o ceanograph ic  f a c t o r s  in f lu e n c e  food a v a i l a b i l i t y  and t r a n s p o r t  
d i r e c t i o n  and t im e .  Annual v a r i a t i o n  in  th e s e  c o n t r o l l i n g  f a c t o r s  
cou ld  a f f e c t  r e c ru i tm e n t  s u c c e s s .  C e r t a in  g e n e r a l i z a t i o n s  can be made 
which apply  to  m arine  and e s t u a r i n e  sy s tem s .
R eproduction  occu rs  i n  a s e l e c te d  p o r t i o n  o f  th e  t o t a l  s p e c ie s  
r a n g e .  Spawning o f t e n  ta k e s  p la c e  c lo s e  to  g y r a l ,  u p w e ll in g ,  o r  o th e r  
d i r e c t i o n a l  c i r c u l a t i o n s  which f r e q u e n t ly  a r e  a s s o c i a t e d  w ith  major 
c u r r e n t  sy s tem s . The co u p lin g  o f  spawning to  n a t u r a l  oceanograph ic  
t r a n s p o r t  system s f o r  eggs and l a rv a e  i s  advan tageous  to  a s p e c ie s  a s  
long  as th o se  system s o p e ra te  " n o rm a l ly " .  The d e t a i l s  o f  such 
c o u p l in g ,  and th e  consequences fo r  eggs and l a r v a e  o f  d e v ia t io n s  from 
u s u a l  t r a n s p o r t  mechanisms, rem ain p o o r ly  u n d e r s to o d .  I n v e s t i g a t i o n  
o f  y e a r - c l a s s  su ccess  r e q u i r e s  a c l e a r e r  u n d e r s ta n d in g  o f  the  n a t u r a l  
v a r i a b i l i t y  and p e r i o d i c i t y  in h e re n t  in  th e s e  p h y s ic a l  p ro c e s s e s .  
F u r th e r  r e s e a r c h  i s  needed to  de te rm ine  o f  th e s e  d e t a i l s ,  
env ironm en ta l cues to  r e p ro d u c t iv e  b e h a v io r ,  r e l a t i v e  im portance  of 
p a s s iv e  and b e h a v io ra l ly -m e d ia te d  t r a n s p o r t ,  and to  s t a t i s t i c a l l y  
a n a ly z e  a tm ospheric  and oceanograph ic  c y c l e s ,  and q u a n t i f y  t r a n s p o r t  
mechanisms f o r  s p a w n e r - r e c ru i t  models and p r e d ic t i o n s  o f  y e a r - c l a s s  
s u c c e s s .
I n t r o d u c t io n
The d i s t r i b u t i o n  o f  l a r v a l  f i s h  i s  c o n t r o l l e d  by bo th  a c t iv e  
b e h a v io r  and p a s s iv e  t r a n s p o r t  mechanisms. These mechanisms r e s u l t  
from a  co m b in a tio n  o f  b i o t i c  and a b i o t i c  f a c t o r s .  B io t ic  f a c to r s  
in c lu d e  s e a s o n a l  abundance o f  a d u l t s  and l a r v a e ,  env ironm enta l 
p r e f e r e n c e s ,  a v a i l a b i l i t y  o f  s u i t a b l e  food , p o t e n t i a l  p r e d a to r s ,  and 
b e h a v io r  o f  l a r v a e .  P h y s ic a l  f a c t o r s  in c lu d e  th e  oceanography o r  
hyd ro g rap h y  and c l im a to lo g y  o f  the  a r e a ,  s p e c i f i c a l l y ,  te m p era tu re ,  
s a l i n i t y ,  s t r a t i f i c a t i o n ,  t u r b i d i t y ,  r i v e r i n e  d i s c h a r g e s ,  and w a te r  
and w e a th e r  f low  p a t t e r n s ,  r a t e s ,  d i r e c t i o n s ,  and anom alie s .
As r e c e n t l y  as 1979, t r a n s p o r t  o f  f i s h  eggs and l a rv a e  was 
n e g le c te d  in  an overv iew  o f  d i s t r i b u t i o n  and abundance from a major 
i n t e r n a t i o n a l  symposium on e a r l y  l i f e  h i s t o r y  ( S a v i l l e  and Schnack
1 981).  T ra n s p o r t  and i t s  im p l ic a t io n s  f o r  r e c ru i tm e n t  have been 
s u b j e c t s  o f  r e c e n t  s t u d i e s ,  however. The purposes  o f  t h i s  rev iew  a re  
to  ( 1 )  i d e n t i f y  th e  im portance  o f  and b r i e f l y  d i s c u s s  mechanisms 
i n f l u e n c i n g  d i s t r i b u t i o n ,  t r a n s p o r t ,  and s u rv iv a l  o f  eggs and la rv a e ;  
(2 )  p ro v id e  c a s e  h i s t o r y  examples o f  th e s e  in f lu e n c e s ;  and (3) 
i d e n t i f y  a r e a s  o f  expand ing  i n t e r d i s c i p l i n a r y  r e s e a r c h  on th e  dynamics 
o f  ic h th y o p la n k to n  t r a n s p o r t  and th e  r e s u l t i n g  e f f e c t s  on re c ru i tm e n t  
and y e a r - c l a s s  s u c c e s s .
O ceanograph ic  r e s e a r c h  has begun to  i s o l a t e  f a c t o r s  invo lved  in  
th e  h ig h  r e c r u i tm e n t  v a r i a b i l i t y  c h a r a c t e r i s t i c  o f  marine organ ism s. 
R esea rc h  o f  c a u s a l  r e l a t i o n s h i p s  between env ironm en ta l t r e n d s  or 
p e r t u r b a t i o n s  and biom ass f l u c t u a t i o n s  has  obvious p r a c t i c a l  and
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p r e d i c t i v e  a p p l i c a t i o n s .  This  r e s e a rc h  i s  a l s o  im p o r ta n t  to  th e  
fundam ental u n d e rs tan d in g  o f  r e p ro d u c t iv e  p a t t e r n s ,  spaw ning-s tock  
i s o l a t i o n s ,  community s t a b i l i t y ,  and energy  flow th rough  the  
ecosystem .
P h y s ic a l  P ro c e s s e s  
Oceans
When wind blows a c ro ss  a  body o f  w a te r ,  th e  c u r r e n t  i t  g e n e ra te s  
moves to  th e  r i g h t  o f  th e  wind in  th e  n o r th e r n  hem isphere and to  the  
l e f t  in  th e  s o u th e rn  hem isphere .  The an g le  between th e  wind and 
s u r f a c e  c u r r e n t  i s  u s u a l ly  l e s s  than  4 5 ° ,  and can be v e ry  sm all in  
sh a l lo w  c o a s t a l  a r e a s .  The a n g le  between th e  wind and c u r r e n t  
movement in c re a s e s  w ith  d e sc e n t  in  th e  w ate r  column and the d i r e c t i o n  
o f  n e t  t r a n s p o r t  approaches 9 0 ° .  Ekman (1905) f i r s t  p re se n te d  a 
m a them atica l th e o ry  to  e x p la in  t h i s  phenomenon known as th e  Ekman 
s p i r a l .  The s t r e n g t h  and d i r e c t i o n  o f  Ekman t r a n s p o r t  a r e  im p o rtan t  
becau se  the  flow c a r r i e s  the  eggs and l a rv a e  o f  n e a rs h o re  and o f f s h o re  
spawners towards o r  away from a p p r o p r ia te  n u r s e ry  g ro unds .
In  a re a s  where w ind-induced  Ekman t r a n s p o r t  i s  o f f s h o r e ,  in sh o re  
s u r f a c e  w a te rs  a re  re p la c e d  by upw ell ing  o f  c o l d ,  n u t r i e n t - r i c h  bottom 
w a te r s .  The most v igo rous  examples o f  u p w e ll in g  occu r  a long  e a s te r n  
boundary c u r r e n t s ,  w es te rn  c o n t i n e n t a l  m a rg in s ,  b u t  upw ell ing  a l s o  
ta k es  p la c e  on a s m a l le r  s c a le  along w es te rn  s id e s  o f  ocean b a s i n s ,  
e a s t e r n  c o a s ts  (Hofmann e t  a l .  1981; Chew 1981). I n  North America 
th e n ,  upw ell ing  i s  induced by n o r t h e r l y  winds a long  the  P a c i f i c  c o a s t  
and s o u th e r ly  winds a long  the  A t l a n t i c  c o a s t .  The consequences fo r
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f i s h  l a rv a e  a r e  a p p a re n t :  l a rv a e  needing  sha llow  n u r s e r y  a r e a s  w i l l
b e n e f i t  from o n sho re  Ekman t r a n s p o r t ;  p e la g ic  l a rv a e  w i l l  b e n e f i t  from 
in c re a s e d  p r o d u c t i v i t y  a s s o c ia te d  w ith  u p w e ll in g ;  and b o th  ty p e s  o f  
l a r v a e  w i l l  p e r i s h  i f  e n t r a in e d  by th e  "wrong" c u r r e n t .
Spawning may a l s o  be a s s o c ia t e d  w ith  semipermanent g y re s  
o c c u r r in g  s e a s o n a l ly  on a m esosca le  in  r e l a t i v e l y  sh a llo w  w a te r ,  such 
as over a c o n t in e n ta l  s h e l f ,  o r  i n  p ro x im ity  to  a c o a s t .  These gyres  
may be g e o s t r o p h ic ,  w in d -d r iv e n ,  o r  d r iv e n  by r e s id u a l  t i d a l  flows 
(n o n l in e a r  i n t e r a c t i o n s  o f  bottom topography and lo c a l  t i d a l  
c h a r a c t e r i s t i c s )  and a r e  dependent upon th e  dynamics o f  each l o c a l e .
E s tu a r i e s
The dominant so u rces  o f  c i r c u l a t i o n  v a r i a b i l i t y  i n  e s t u a r i e s  a re  
t i d e ,  r i v e r  f low , wind, n o n t id a l  f o rc in g  from th e  c o a s t a l  o cean ,  and 
to p o g r a p h ic a l ly  induced  c i r c u l a t i o n  (Wiseman 1980). T i d a l ,  r i v e r i n e ,  
and some wind in f lu e n c e s  were th e  f i r s t  to  be reco g n iz e d  as im p o rtan t  
and th e r e f o r e  th e  f i r s t  to  be s c r u t i n i z e d  by b i o l o g i s t s .  For example, 
c o r r e l a t i o n s  between observed  c u r r e n t  v a r i a t i o n  and wind s t r e s s  w i th in  
e s t u a r i e s  le d  to  an in c re a s e d  awareness o f  th e  r o l e  o f  l o c a l  wind 
fo r c in g  (Graham 1972; Wang 1979a, 1979b). R ecen tly  th e  concep t o f  
s im ple  tw o - la y e re d  e s t u a r i n e  c i r c u l a t i o n  and th e  im portance o f  
secondary  e s t u a r i n e  c i r c u l a t i o n s  ( r e s i d u a l  f low  v a r i a b i l i t y )  h a s  been 
e v a lu a te d  (K je r fv e  e t  a l . 1978; C a r te r  e t  a l . 1979). P h y s ic a l  
oceanographers  a re  now re c o g n iz in g  th e  s i g n i f i c a n c e  o f  n o n lo c a l  
f o rc in g  o f  n o n t id a l  v a r i a t i o n s  in  sea  l e v e l  and c i r c u l a t i o n .  C o as ta l  
Ekman convergence (dow nw elling) can  d i r e c t l y  a f f e c t  e s t u a r i n e  c u r r e n t
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f l u c t u a t i o n s  ( S m i t h  1978). M o r e  i n d i r e c t l y ,  E k m a n  c o n v e r g e n c e  o r  
d i v e r g e n c e  c a n  a l t e r  t h e  w a t e r  c o lu m n  d e n s i t y  s t r u c t u r e  a l o n g  a  c o a s t  
w h i c h  t h e n  c a n  c h a n g e  t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  w i t h i n  t h e  e s t u a r y  
(W is e m a n  1980). F l u c t u a t i o n s  i n  e s t u a r i n e  c i r c u l a t i o n  c a n  b e  i n d u c e d  
b y  s h o r t - t e r m  m e t e o r o l o g i c a l  e v e n t s  l i k e  s t o r m  s u r g e s ,  b y  n e a p - s p r i n g  
t i d a l  c y c l e  v a r i a b i l i t y ,  a n d  b y  r i v e r  f l o w  c h a n g e s  b e t w e e n  f l o o d  a n d  
d r o u g h t  c o n d i t i o n s .  I n  a d d i t i o n ,  s e v e r a l  o f  t h e  w o r l d ' s  c o a s t l i n e s  
h a v e  s i g n i f i c a n t  s e a s o n a l ,  n o n t i d a l  c h a n g e s  i n  s e a  l e v e l  ( P a t u l l o  e t  
a l .  1955). T h e s e  c a n  r e s u l t  i n  n e t  ( r e s i d u a l )  c u r r e n t  f l o w s  i n  
e s t u a r i e s  ( S m i t h  1978).
The i n t e r a c t i o n  o f  c o a s t a l  and b a s in  topography and t i d a l  
v a r i a t i o n s ,  h i s t o r i c a l l y  u s e f u l  in  c l a s s i f i c a t i o n  o f  c i r c u l a t i o n  
p a t t e r n s  i n  e s t u a r i e s  (Bowden 1967; P r i t c h a r d  1967), i s  th e  s u b je c t  o f  
r e c e n t  r e s e a r c h  ( C a r te r  e t  a l .  1979). Topography can  cause c ro s s  
channe l  v a r i a t i o n s  in  t i d a l  c u r r e n t s .  The s i g n i f i c a n c e  o f  th e se  
l a t t e r  co n cep ts  has  ye t  to  be t r a n s l a t e d  in t o  b i o l o g i c a l  te rm s .  T h e i r  
obv ious a p p l i c a t i o n s  fo r  t r a n s p o r t  and r e t e n s i o n  by o p p o r tu n i s t i c  
l a r v a l  f i s h e s  s u g g e s ts  f u r t h e r  i n v e s t i g a t i o n .
E s t u a r i n e  c i r c u l a t i o n  a n d  i t s  p h y s i c a l  p r o p e r t i e s  h a v e  b e e n  
r e v i e w e d  e l s e w h e r e  ( D y e r  1973; K j e r f v e  1978; W is e m a n  1980). A t y p i c a l  
e x c h a n g e  p a t t e r n  f o r  a  p o s i t i v e  e s t u a r y  ( o n e  i n  w h i c h  r i v e r  d i s c h a r g e  
a n d  p r e c i p i t a t i o n  i s  g r e a t e r  t h a n  e v a p o r a t i o n )  i s  a  n e t  n o n t i d a l  
d o w n s t r e a m  m o v e m e n t  o f  f r e s h  w a t e r  a t  t h e  s u r f a c e
l e v e l - o f - n o - n e t - m o t i o n  a t  t h e  m i d - d e p t h  r a n g e ,  a n d  a  r e s i d u a l  u p s t r e a m  
c o u n t e r c u r r e n t  m o v e m e n t  o f  s a l t w a t e r  a t  t h e  b o t t o m  ( E m e r y  a n d
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Stevenson 1957).  This s i t u a t i o n  a l lo w s  fo r  th e  p a s s iv e  upstream  
t r a n s p o r t  o f  p la n k to n ic  organism s as p a r t i c l e s  i n  th e  e s t u a r y ' s  lower 
w a te r  l a y e r s ,  even though downstream lo s s e s  w i l l  o ccu r  ( P r i t c h a r d  
1953; Ketchura 1954). P la n k to n ic  t r a n s p o r t  th e n  depends on which w ater  
l a y e r  th e  organism  o ccu p ies  (Emery and S tevenson 1957).
Oceanic T ran sp o r t
Water c u r r e n t s  p la y  an im p o r ta n t  e c o lo g ic a l  r o l e  f o r  th e  m a jo r i t y  
o f  f i s h ,  egg and a d u l t  a l i k e ,  and invoke a wide range o f  b e h a v io ra l  
re sp o n se s  (A rnold 1974).  C u rre n ts  f u r n i s h  a t r a n s p o r t  mechanism as 
w ell  as  d i r e c t i o n a l  in fo rm a t io n  and a re  im portan t in  moving f i s h  eggs 
and la rv a e  to  o r  from a re a s  conducive  to  s u r v iv a l  (Schmidt 1925; 
C a r ru th e r s  1938; Walford 1938; S e t t e  1943; B is h a i  1960). T h e re fo re ,  
c u r r e n t s  d i r e c t l y  in f lu e n c e  r e c r u i tm e n t  and subsequen t y e a r - c l a s s  
s u c c e s s .
During th e  e a r l y  1 9 0 0 's ,  p io n e e r  r e s e a r c h  c o r r e l a t i n g  w a te r  
c u r r e n t s  and d i s t r i b u t i o n  o f  f i s h  spawning p ro d u c ts  c e n te re d  around 
th e  B r i t i s h  I s l e s  and seas  o f  n o r th e r n  Europe (W alford 1938).  Some o f  
th e  e a r l i e s t  U.S.A. work r e l a t i n g  p la n k to n  d i s t r i b u t i o n s  to  
c i r c u l a t i o n  p a t t e r n s  was done in  th e  Gulf o f  Maine (Bigelow 1926, 
1927).  T h is  ground work le d  to  th e  a n a l y s i s  o f  1931-32 d i s t r i b u t i o n a l  
d a t a  f o r  haddock (Melanogrammus a e g l e f i n u s ) eggs and l a rv a e  on Georges 
Bank. Along w ith  s im u ltaneous  s u r f a c e  d r i f t  b o t t l e  d a t a ,  th e  
d i s t r i b u t i o n  o f  la rv a e  in d i c a te d  r e t e n t i o n  i n  a r e s id u a l  a n t i c y c l o n ic  
(c lo ck w ise  in  th e  n o r th e rn  hem isphere )  gyre  in  1931 (W alford 1938).
The normal c y c lo n ic  c i r c u l a t i o n  p a t t e r n  r e tu r n e d  i n  1932 and caused
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th e  lo s s  o f  eggs and la rv a e  to  th e  deep w a te r  o f f  Georges Bank 
(W alford 1938). R es idua l n e a r - s u r f a c e  c u r r e n t s  on Georges Bank a r e  
g e n e r a l l y  s o u th e r ly  and o f f s h o r e ,  ex ce p t fo r  s h o r t  p e r io d s  i n  th e  
summer (C o lto n  and Temple 1961).  This i s  most pronounced w ith  s t ro n g  
s o u th e r ly  Ekman t r a n s p o r t  i n  l a t e  O ctober and November. T ra n s p o r t  o f f  
th e  Bank can r e s u l t  i n  m o r t a l i t y  due to  removal from feed in g  a r e a s ,  
changes in  te m p e ra tu re  and s a l i n i t y ,  and t r a n s p o r t  to  d ep th s  too g r e a t  
from l a r v a l  s e t t l e m e n t  (Bolz e t  a l . 1981). However, i f  th e  la rv a e  a re  
d i s t r i b u t e d  th ro u g h o u t th e  w a te r  column, o r  a t  l e a s t  below 10-20 i ,  
th e y  may r e c i r c u l a t e  around th e  s h a l lo w e r  p a r t  o f  George*s Bank s in c e  
th e  mean c u r r e n t s  a t  dep th  a re  more c l o s e l y  a l ig n e d  w ith  bank 
topography  (Butman e t  a l . 1982). Those spawning p ro d u c ts  which a re  
t r a n s p o r t e d  in  th e  southw estw ard flow  a long  th e  s o u th e rn  f l a n k  o f  
Georges Bank may c o n t r i b u t e  to  Middle A t l a n t i c  B igh t s to c k s  s in c e  
Georges Bank appears  to  be t h e  so u rce  o f  much o f  t h a t  w a te r  (Butman e t  
a l .  1982).
In  1976, winds from th e  sou thw est pushed Georges Bank s u r f a c e  
w aters  o p p o s i te  o f  t h e i r  normal southw est flow and r e s u l t e d  in  
in c re a s e d  d e n s i t i e s  o f  sand la n c e  (Ammodytes s p . )  l a r v a e  on th e  Bank 
(Smith e t  a l .  1981). Though th e  abundance o f  sand la n c e  l a rv a e  
rem ained h igh  i n  1977, 1978, and 1979, th e  c e n t e r  o f  th e  abundance 
s h i f t e d  back to  th e  sou th  a f t e r  th e  r e t u r n  o f  s t r o n g  p r e v a i l i n g  
n o r th w e s te r ly  w inds . S a t e l l i t e  imagery a n a ly s i s  o f  w a te r  mass 
d i s t r i b u t i o n s  i s  be ing  employed to  de te rm ine  th e  s i g n i f i c a n c e  o f  
w in d -d r iv en  c u r r e n t s  to  th e  t r a n s p o r t  and s u r v iv a l  o f  l a rv a e  on 
Georges Bank. The p h y s ic a l  d a t a  seem to  su p p o r t  th e  h y p o th e s i s  t h a t
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p e la g ic  f i s h  eggs and l a rv a e  norm ally  would b e  removed from th e  Bank 
which would a d v e rs e ly  a f f e c t  y e a r - c l a s s  s u c c e s s .  Ic h th y o p lan k to n  
d a t a ,  however, a re  i n s u f f i c i e n t  to  su p p o r t  t h i s  (C o lto n  and F r i s e l l a  
In  P r e s s ) .
Spawning o f  w a lleye  p o l lo c k  ( T herag ra  chalcogramma) in  th e  Gulf 
o f  A laska o c c u rs  m ain ly  i n  S h e l ik o f  S t r a i t ,  an o f f s h o o t  o f  a cy c lo n ic  
( c o u n te r -c lo c k w is e  i n  th e  n o r th e rn  hem isphere )  g y re ,  and eggs d r i f t  in  
a  f a s t - f lo w in g  s o u th w e s te r ly  c u r r e n t  a long th e  A laska p e n in s u la .
During a  two-week in c u b a t io n  p e r io d ,  and a l a r v a l  p e r io d  o f  s e v e ra l  
weeks, th e  f i s h  a re  c a r r i e d  along th e  p e n in su la  b e f o r e  they  e n t e r  th e  
f j o r d s  where they  spend t h e i r  f i r s t  summer. An abundant food source  
w i th in  t h i s  c u r r e n t  system  in c re a s e s  l a r v a l  s u r v iv a l  d u r in g  t r a n s i t .
In  th e  Bering Sea, s e v e r a l  oceanograph ic  f r o n t s  t h a t  s e p a ra te  
c h a r a c t e r i s t i c  w ater m asses have been i d e n t i f i e d .  These w ate r  masses 
su p p o r t  d i f f e r e n t  zoop lank ton  communities t h a t  have v a ry in g  food v a lu e  
fo r  l a r v a l  w alleye  p o l lo c k .  R ecru itm ent i s  l i k e l y  to  be a f f e c t e d  by 
oceanograph ic  f e a tu r e s  t h a t  in f lu e n c e  th e  d i s t r i b u t i o n  and 
c o n c e n t r a t io n  o f  bo th  w alleye  p o llo ck  spawning p ro d u c ts  and t h e i r  food 
supp ly  (A. K e n d a ll ,  NOAA/NMFS/NWAFC, p e r s .  comm.).
O ff B aja C a l i f o r n i a ,  a c y c lo n ic  gyre  develops  i n  th e  f a l l - w i n t e r  
p e r io d  and ends in  th e  s p r in g  w ith  th e  o n se t  o f  w ind-induced 
u p w e l l in g .  Spawning tim es o f  th e  a r e a ’ s com m ercially  im p o r tan t  
f i n f i s h  s p e c ie s  c o in c id e  w ith  th e  development o f  th e  gyre  ( P a r r i s h  e t  
a l .  1981). Thus, d i s p e r s a l  o f  la rv a e  i s  r e s t r i c t e d .  The presence  o f  
th e s e  semipermanent c y c lo n ic  ed d ie s  in  th e  Sou thern  C a l i f o r n i a  Bight
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p ia y e  a  r o l e  i n  r e t e n t i o n  and r e c r u i tm e n t  o f  p e la g ic  la rv a e  to  a d u l t  
p o p u la t io n s .
Many s p e c ie s  o f  f i s h  c o n s i s t e n t l y  spawn on f ix e d  g rounds . This 
c h a r a c t e r i s t i c  i s  im portan t s in c e  i t  n o t  on ly  f ix e s  th e  i n i t i a l  
p o s i t i o n  o f  l a r v a l  d r i f t  bu t a l s o  f i x e s  the  p o s i t i o n  o f  th e  n u rse ry  
a r e a  g iven  a  r e g u l a r  ( r e l a t i v e l y  p r e d i c t a b l e )  c u r r e n t  system .
T h e re fo re  a  g iv e n  s to c k  may be c o n ta in e d  w i th in ,  o r  be determ ined  by 
th e  constancy  o f ,  a  m ig ra to ry  c i r c u i t .  The d r i f t  p a t t e r n  o f  th e  young 
combined w ith  th e  r e t u r n  to  th e  p a r e n t a l  spawning grounds would then  
form th e  s t o c k ' s  geog raph ic  b a s e  (Cushing 1976). The number o f  
g e n e t i c a l l y  d i s t i n c t  N orth  A t l a n t i c  h e r r in g  ( Clupea h a ren g u s ) s to ck s  
may be de term ined  by th e  number o f  geograph ic  r e t e n t i o n  a re a s  o f  the  
l a r v a e ,  which a r e  p h y s ic a l ly  s e p a ra te d  by oceanograph ic  c o n d i t io n s  
( S i n c l a i r  and l i e s  1981; l i e s  and S i n c l a i r  1982). O verw intering  
d i s t r i b u t i o n s  o f  th e  l a rv a e  in  the  w es te rn  and e a s t e r n  North A t l a n t i c  
i n d i c a t e  a low d eg ree  o f  s to c k  mixing du r in g  the  l a r v a l  s t a g e .  
Hydrographic f e a t u r e s  co rrespond  to  d i s t r i b u t i o n  p a t t e r n s  o f  th e  
l a rv a e  and a re  g e n e r a l ly  a s s o c ia t e d  w ith  the  same geog raph ic  a re a s  
y ea r  to  y e a r .  T id a l ly - in d u c e d  c y c lo n ic  gyres  p ro v id e  the  p h y s ic a l  
mechanism fo r  r e t a i n i n g  th e  young o f  th e  in d iv id u a l  s to c k s .
Examples o f  th e  s e p a r a t i o n  o f  f i s h  p o p u la t io n s  by c u r r e n t  systems 
which r e s t r i c t  d i s p e r s a l  o f  l a r v a e ,  can be found in  o th e r  oceans of 
th e  w o r ld .  The e x i s t e n c e  o f  a f a u n i s t i c  boundary a long  th e  northw est 
A f r ic a n  c o a s t  may r e s u l t  from th e  p r e v a i l in g  r e g io n a l  hydrograph ic  
c o n d i t io n s .  The M au r i ta n ia n  upw ell ing  p re v e n ts  th e  northw ard
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t r a n s p o r t  o f  e p ip e la g i c  f i s h  l a r v a e  (Hamann e t  a l .  1981).  Off 
sou thw est A f r i c a ,  t h r e e  d i s t i n c t  a re a s  of ic h th y o p la n k to n  d i s t r i b u t i o n  
have been i d e n t i f i e d  which a l s o  appear to  be th e  r e s u l t  o f  lo c a l  
o ceanograph ic  p ro c e s s e s  (B adenhurst and Boyd 1980).
C u rre n ts  g e n e ra te d  by w ind-induced  upw ell ing  o f  n u t r i e n t - r i c h  
bottom  w a te r s ,  produce some o f  th e  w o r ld 's  most p ro d u c t iv e  f i s h i n g  
a r e a s ,  as  ex em p lif ied  by th e  fo u r  m ajor e a s t e r n  boundary c u r r e n t  
sy s tem s , th e  C a l i f o r n i a ,  P e ru ,  Canary, and Benguela. These boundary 
c u r r e n t s  appear to  have s im i l a r  env ironm en ta l dynamics and are 
dom inated , in  terms o f  e x p l o i t a b l e  b iom ass , by v e ry  s im i l a r  
assem blages o f  p e la g ic  f i s h  s p e c ie s  (Bakun and P a r r i s h  1982).
Along th e  P a c i f i c  c o a s t  o f  th e  U .S .A .,  l i f e  h i s t o r i e s  a re  
sometimes c o n s t r a in e d  by the  C a l i f o r n i a  C u rren t  system  and v ig o ro u s  
u p w e ll in g  o f f  Washington, Oregon, and n o r th e rn  C a l i f o r n i a .  Spawning 
i s  p r im a r i ly :  dem ersa l ( h e r r i n g s ,  c o t t i d s ,  l i n g c o d s ) ,  l i v e - b e a r i n g
( r o c k f i s h ,  e m b io to c id s ) , anadromous ( s a lm o n id s ) ,  d eep -w ate r  
( p l e u r o n e c t i d s ,  s a b e l f i s h ) ,  and m ig ra n t  ( h e r r i n g s )  ( P a r r i s h  e t  a l .
1981). For example, th e  E n g l ish  s o l e  (ParophryB v e t u l u s ) has a 
n e a r s h o re  spawning p a t t e r n  which n e g a te s  th e  e f f e c t s  o f  o f f s h o re  Ekman 
t r a n s p o r t .  C onverse ly ,  Dover s o l e  ( Microstomus p a c i f i c u s ) l a r v a e  are 
k ep t  in  s u i t a b l e  o f f s h o r e  w a te rs  by f r o n t s  a s s o c ia t e d  w ith  w in te r  
convergence (Hayman and T y le r  1980). This i s  n o t  to  imply th a t  a l l  
th e  ic h th y o p lan k to n  in  t h i s  a re a  a re  dependent on upw ell ing  p a t t e r n s .  
The summer d i s t r i b u t i o n  o f  n o r th e r n  anchovy (E n g r a u l i s  mordax) l a r v a e  
o f f  Oregon i s  c l o s e l y  t i e d  to  a n o th e r  hy d ro g rap h ic  f e a t u r e ,  the
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Columbia R iv e r  d is c h a rg e  plume, a m ajor so u rce  o f  n u t r i e n t s  and f re s h  
w a te r  (R ichardson  1981). In  th e se  exam ples, s u r v iv a l  o f  la rv a e  i s  
m ediated  by th e  p r e v a i l i n g  c u r r e n t  sy s tem s .
The S ou thern  C a l i f o r n i a  Bight i s  th e  spawning ground fo r  th e  
n u m e r ic a l ly  dominant s p e c ie s  o f  the  C a l i f o r n i a  c u r r e n t  system : 
n o r th e rn  anchovy, P a c i f i c  s a r d in e  ( S ard inops  sag ax ) .  P a c i f i c  hake 
(M erlucc ius  p ro d u c tu s ) ,  j a c k  m ackerel (T rachurus  sym m etricus) , P a c i f i c  
m ackerel ( Scomber j a p o n ic u s ) ,  and P a c i f i c  b o n i to  ( Sarda c h i l i e n s i s ) .  
Larvae o f  some o f  the  in sh o re  spawners develop  r a p id l y  enough to  
m a in ta in  t h e i r  p o s i t i o n  i n  th e  n e a r s h o re  zone d e s p i t e  a p e r s i s t e n t  
upw ell ing  f e a t u r e .  Larvae w ith  a  lo n g e r  p la n k to n ic  l i f e  a d j u s t  t h e i r  
v e r t i c a l  p o s i t i o n .  They a re  i n i t i a l l y  c a r r i e d  o f f s h o re  a t  the  s u r f a c e  
and l a t e r  t r a n s p o r te d  onshore  by s u b su r fa c e  c u r r e n t s  (G ruber e t  a l .
1982). In  th e  same re g io n  however, a s tudy  in v o lv in g  a g a l a th e id  
c r a b ,  which spawns c o a s t a l l y  and has a long l a r v a l  p e la g ic  l i f e ,  
f a i l e d  to  show a  r e t e n t i o n  mechanism (Longhurst 1968). The c rab  
la rv a e  were t r a n s p o r te d  i n t o  o cean ic  r e g io n s  w ith  l i t t l e  chance o f  
immediate r e t u r n  to  th e  c o a s t a l  r e g io n  to  s e t t l e .
The a p p a re n t  dependence o f  p e l a g ic  spawning success  and 
r e c ru i tm e n t  upon d r i f t  c o n d i t io n s  a t  th e  s u r f a c e ,  as  w ell as a t  dep th  
(R o th l i s b e rg  1982), s u g g e s ts  t h a t  anom alies  in  d r i f t  p a t t e r n s  o r  
movement o f  spawning grounds could  be a m ajor source  o f  th e  w idespread  
v a r i a t i o n  in  re c ru i tm e n t  s u c c e s s .  When p o p u la t io n  h a b i t a t  bo u n d ar ie s  
s h i f t ,  t h e r e  i s  g e n e r a l ly  an e f f e c t i v e  change in  p o t e n t i a l  h a b i t a t  
a v a i l a b l e  to  l a r v a e ,  which can in f lu e n c e  r e p r o d u c t iv e  su ccess  (Sharp
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1981). I n te n s i v e  fiB h ing  p re s s u re  in c r e a s e s  a  s t o c k ' s  s e n s i t i v i t y  to  
env ironm enta l c o n d i t io n s  (B a i le y  1980). For exam ple, the  spawning 
m ig ra t io n  o f  P a c i f i c  hake o f f  C a l i f o r n i a  h as  been  c h a r a c t e r i z e d  by 
s m a l le r ,  younger f i s h  spawning e a r l i e r  and in  th e  n o r th ,  w h ile  th e  
o l d e r ,  l a r g e r  f i s h  produce the  m ajor spawn l a t e r  i n  th e  season  and 
f u r t h e r  Bouth, Smith (1975) s u g g e s ts  t h a t  as  a  r e s u l t  o f  f i s h in g  
p re s s u re  reduc ing  th e  numbers o f  l a r g e r  f i s h ,  th e  p r i n c i p a l  hake 
spawning grounds s h i f t e d  northw ard  le a d in g  to  th e  abandonment o f  th e  
optimum s o u th e rn  h a b i t a t  f o r  l a r v a e .  T h is  p e r t u r b a t i o n  i s  compounded 
by th e  s t ro n g e r  Ekman t r a n s p o r t  in  th e  n o r th ,  which d i s t r i b u t e s  th e  
hake la rv a e  f a r t h e r  o f f s h o r e ,  d e c r e a s in g  s u r v iv a l  and th e  r e s u l t i n g  
y e a r - c l a s s  su ccess  (B a i le y  1980, 1981). Heavy f i s h i n g  a c t i v i t y  may 
have also , reduced North Sea h e r r in g  s to c k s  and t h e i r  c a p a c i ty  to  f u l l y  
e x p l o i t  a v a i l a b l e  n u rs e ry  a re a s  ( S i n c l a i r  and l i e s  1981).
Nelson e t  a l . (1977) q u a n t i f i e d  th e  e f f e c t s  o f  Ekman t r a n s p o r t  on 
y e a r - c l a s s  s t r e n g t h  o f  A t l a n t i c  menhaden ( B r e v o o r t i a  ty ra n n u s ) . They 
hy p o th es ized  th a t  a p h y s ic a l  mechanism was n e c e s s a ry  to  t r a n s p o r t  the  
la rv a e  from t h e i r  o f f s h o r e  spawning ground to  in s h o re  n u rs e ry  a r e a s .  
The spawning peak appears  to  c o in c id e  w ith  a  p e r io d  o f  shoreward 
s u r f a c e  t r a n s p o r t .  They employed a 1 6 -yea r  tim e s e r i e s  to  develop  a 
s u r v iv a l  index based  on th e  r e l a t i o n s h i p  between t h e o r e t i c a l  Ekman 
t r a n s p o r t  and s u r v iv a l  o f  the  young. This d e n s i ty - in d e p e n d e n t  index  
was in c o rp o ra te d  i n t o  a d e n s i ty -d e p e n d e n t  s p a w n e r - r e c r u i t  model to  
p r e d i c t  menhaden y e a r - c l a s s  s t r e n g t h .  S i m i l a r i l y ,  P a r r i s h  and 
M acC all 's  (1978) d e n s i t y  and e n v iro n m en ta l-d ep en d en t s p a w n e r - r e c ru i t
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m o d e l  i n c o r p o r a t e s  u p w e l l i n g  i n d i c e s  a s  a  m e a s u r e  o f  p r i m a r y  
p r o d u c t i v i t y  a n d  s u r f a c e  t r a n s p o r t  o f  l a r v a e .
A n o t h e r  m e c h a n is m  i s  r e s p o n s i b l e  f o r  t h e  t r a n s p o r t  o f  t h e  S o u t h  
A f r i c a n  a n c h o v y  ( E n g r a u l i s  c a p e n s i s )  f r o m  i t s  s p a w n in g  g r o u n d  t o  i t s  
n u r s e r y  a r e a  2 5 0  km  t o  t h e  n o r t h  ( S h e l t o n  a n d  H u t c h i n g  1 9 8 2 ) .  A  
s t r o n g  s h e l f - e d g e  f r o n t a l  j e t  i s  a  t y p i c a l  s u m m e r f e a t u r e  c a r r y i n g  
l a r v a e  f r o m  t h e  C a p e  t o  L a m b e r t s  B a y .  H o w e v e r ,  s t r o n g  n o r t h w e s t  w in d s  
c a n  c a u s e  t h i s  j e t  t o  d e t e r i o r a t e .  T h e  r e s u l t  i s  p o o r  r e c r u i t m e n t  d u e  
t o  s t a r v a t i o n  o f  l a r v a e  r e m a i n i n g  o n  s p a w n in g  g r o u n d s  o r  l o s s  o f  
l a r v a e  c a r r i e d  e a s t w a r d  b y  t h e  w i n d - i n d u c e d  c u r r e n t  r e v e r s a l  ( S h e l t o n  
a n d  H u t c h i n g  1 9 8 2 ) .
W in d s  c a n  a l s o  l e a d  t o  t h e  e x c h a n g e  o r  r e p l a c e m e n t  o f  w a t e r  
m a s s e s  w h i c h  c a n  r e s u l t  i n  l o c a l  c o n d i t i o n s  b e i n g  m o r e  f a v o r a b l e  f o r  
t h e  s u r v i v a l  o f  l a r v a e .  A n  e x a m p le  o f  t h i s  o c c u r s  a l o n g  c o a s t a l  
N e w f o u n d la n d  w h e n  o n s h o r e  w in d s  e x c h a n g e  a  w a t e r  m a s s  r i c h  i n  
p r e d a t o r s  f o r  o n e  h a v i n g  f e w e r  p r e d a t o r s  a n d  m o r e  p r e y  f o r  l a r v a l  
f i s h .  T h i s  e x c h a n g e  i n i t i a t e s  t h e  e m e r g e n c e  o f  l a r v a l  c a p e l i n  
( M a l l o t u B  v i l l o s u s )  f r o m  i n t e r t i d a l  d e m e r s a l  e g g s  ( F r a n k  a n d  L e g g e t t
1 9 8 2 ) .  T h u s ,  c a p e l i n  l a r v a e  b e g i n  t h e i r  d r i f t  a n d  f i r s t  f e e d i n g  i n  a  
w i n d - i n d u c e d  " s a f e - s i t e " . T h e  t i m i n g  o f  h a t c h i n g  m a y  b e  p o s i t i v e l y  
r e i n f o r c e d  b y  s u c h  a  w a t e r  m a s s  t r a n s p o r t  w h ic h  e n h a n c e s  s u r v i v a l  o f  
t h e  y o u n g .  H y p o t h e t i c a l l y ,  s i m i l a r  " s a f e  s i t e s "  e x i s t  e l s e w h e r e .  
H o w e v e r ,  i t  i s  d i f f i c u l t  t o  d o c u m e n t  t h e  p h y s i c a l  p r o c e s s e s  p r o d u c i n g  
th e m  a n d  t o  q u a n t i f y  t h e i r  r o l e  i n  l a r v a l  s u r v i v a l  ( F r a n k  a n d  L e g g e t t
1 9 8 2 ) .  O n g o in g  r e s e a r c h  s u g g e s t s  t h a t  t h e  l a r v a l  d r i f t  o f  o t h e r
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d e m e r s a l  s p a w n e r s  m a y  b e  s y n c h r o n i z e d  w i t h  t h a t  o f  c a p e l i n  i n  t h i s  
w i n d - i n d u c e d  " s a f e - s i t e " . S e l e c t i v e  a d v a n t a g e s  t o  t h e  l e s s  a b u n d a n t  
s p e c i e s  d r i f t i n g  w i t h  t h e  n u m e r i c a l l y  d o m in a n t  s p e c i e s  i n  t h i s  w a t e r  
m a s s  i n c l u d e :  r e d u c e d  p r e d a t o r  a b u n d a n c e ,  i n c r e a s e d  f o o d  a v a i l a b i l i t y
a n d  g r o w t h  r a t e s ,  a n d  r e d u c e d  p r e d a t i o n  r a t e  ( F r a n k  a n d  L e g g e t t  1 9 8 3 ) .
R e c e n t l y  t h e r e  h a s  b e e n  a n  i n c r e a s e  i n  t h e  n u m b e r  o f  s t u d i e s  
d e a l i n g  w i t h  t h e  c o n s e q u e n c e s  o f  G u l f  S t r e a m  t r a n s p o r t  a n d  m i g r a t i o n  
( B o y d  e t  a l .  1 9 7 8 ;  C o x  a n d  W ie b e  1 9 7 9 ;  T a y l o r  a n d  S t e p h e n s  1 9 8 0 ;  T h e  
R in g  G r o u p  1 9 8 1 ) .  L a r v a l  b l u e f i s h  ( P o m a to m u s  s a l t a t r i x )  s p a w n e d  i n  
t h e  S o u t h  A t l a n t i c  B i g h t  m a y  d r i f t  n o r t h  o f  C a p e  H a t t e r a s  i n  t h e  
F l o r i d a  c u r r e n t  b e f o r e  m o v in g  s h o r e w a r d  ( K e n d a l l  a n d  W a l f o r d  1 9 7 9 ;  
P o w le s  1 9 8 1 ) .  T h i s  t y p e  o f  t r a n s p o r t  m e c h a n is m  h a s  a l s o  b e e n  
d e m o n s t r a t e d  f o r  t h e  A m e r i c a n  e e l ,  A n g u i l l a  r o s t r a t a , ( K l e c k n e r  a n d  
M c C le a v e  1 9 8 2 )  a n d  a  n u m b e r  o f  o t h e r  t a x a  ( O l n e y  a n d  M a r k l e  1 9 7 9 ) .  
F i s h e r i e s  b i o l o g i s t s  h a v e  s p e c u l a t e d  t h a t  G u l f  S t r e a m  r i n g s  m i g h t  
i n f l u e n c e  l a r v a l  f i s h  r e c r u i t m e n t  b y  r e m o v in g  e g g s  a n d  l a r v a e  f r o m  t h e  
s h e l f .  T h e  t r a n s p o r t  o f  s a n d  l a n c e  l a r v a e  w a s  l i n k e d  t o  e n t r a i n m e n t  
o f  s h e l f  w a t e r  m o v e d  o f f - s h e l f  b y  a  w a rm  c o r e  r i n g ,  a n  a n t i c y c l o n i c  
o f f e h o o t  o f  t h e  G u l f  S t r e a m  ( F r i e d l a n d e r  a n d  S m i t h  1 9 8 3 ) .  T h i s  t y p e  
o f  e n t r a i n m e n t  o f  l a r v a l  f i s h  h a s  o n l y  r e c e n t l y  b e e n  o b s e r v e d  a n d  
t h e r e  i s  a  c o n t r o v e r s y  a s  t o  t h e  s i g n i f i c a n c e  o f  t h e s e  r i n g s  t o  l o n g  
t e r m  r e c r u i t m e n t .  R e c e n t  w o r k ,  e m p lo y in g  a  s i m p l i f i e d  m a t h e m a t i c a l  
m o d e l  w h i c h  i n c o r p o r a t e s  h i s t o r i c a l  A t l a n t i c  c o d  ( G a d u s  m o r h u a )  a n d  
h a d d o c k  i c h t h y o p l a n k t o n  d a t a  f r o m  G e o r g e s  B a n k ,  i n d i c a t e d  t h a t  w a rm  
c o r e  r i n g s  c o u l d  h a v e  a  c o n s i d e r a b l e  im p a c t  o n  t h e  d i s t r i b u t i o n  a n d
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s u r v i v a l  o f  c o d  a n d  h a d d o c k  l a r v a e  o n  t h e  B a n k  ( F l i e r l  a n d  W r o b l e w s k i ,  
I n  p r e s s ) .
E s t u a r i n e  T r a n s p o r t  a n d  R e t e n t i o n
O n e  c a n n o t  a lw a y s  c o n s i d e r  c u r r e n t  t r a n s p o r t  s y s te m s  i n  o c e a n s  
a p a r t  f r o m  e s t u a r i e s .  C o n t i n e n t a l  s h e l f  a n d  e s t u a r i n e  w a t e r s  a r e  
p h y s i c a l l y  c o u p l e d  b y  c i r c u l a t i o n ,  s e d i m e n t ,  a n d  n u t r i e n t  i n t e r a c t i o n s  
( T u r n e r  e t  a l .  1 9 7 9 ) .  T h i s  c o u p l i n g  a f f e c t s  d i s t r i b u t i o n  o f  f i s h  
e g g s ,  l a r v a e ,  a n d  j u v e n i l e s  t h r o u g h  a  v a r i e t y  o f  f a c t o r s  s u c h  a s  
o u t w e l l i n g ,  a n d  f l u s h i n g  f r o m  a n d  t r a n s p o r t  i n t o  e s t u a r i e s .  F o r  
e x a m p le ,  t u r b i d i t y ,  a s  l i n k e d  t o  p r e d a t i o n  p r e s s u r e  a n d  f o o d  s u p p l y ,  
c a n  b e  a n  i m p o r t a n t  f a c t o r  i n f l u e n c i n g  t h e  y o u n g  f i s h  e n t e r i n g  c e r t a i n  
e s t u a r i e s  ( B l a b e r  a n d  B l a b e r  I 9 6 0 ) .
A r n o l d  ( 1 9 7 4 )  r e v i e w e d  t h e  l i t e r a t u r e  o n  f i s h e s  o r i e n t i n g  w i t h i n  
c u r r e n t s  ( r h e t r o p o i s m ) ,  p a s s i v e l y  d r i f t i n g  w i t h  t h e m ,  o r  m o d i f y i n g  
t h e i r  h o r i z o n t a l  d r i f t  b y  d i e l  o r  s e a s o n a l  v e r t i c a l  m i g r a t i o n s .  O n e  
t y p e  o f  t h i s  m o d i f i e d  d r i f t  i n v o l v e s  t i d a l  t r a n s p o r t  a n d  r e t e n t i o n  
m e c h a n is m s .  I n  s u c h  c a s e s  a  m a r i n e  o r g a n i s m  u n d e r g o e s  h o r i z o n t a l  
d i s p l a c e m e n t  b y  t i d a l  c u r r e n t s  i n  a  d i r e c t i o n  a d v a n t a g e o u s  f o r  
s u r v i v a l .  T h i s  d i s p e r s a l  m a y  b e  b e h a v i o r a l l y  p a s s i v e  o r  a c t i v e ,  i n  a  
l a n d w a r d  o r  s e a w a r d  d i r e c t i o n ,  i n  a n  e s t u a r y  o r  i n  t h e  o p e n  s e a ,  o r  i n  
a n y  c o m b i n a t i o n  o f  t h e s e .  A n  o r g a n i s m  m a y  e x p e r i e n c e  b o t h  s e a w a r d  a n d  
l a n d w a r d  d i s p l a c e m e n t s  d u r i n g  d i f f e r e n t  s t a g e s  o f  i t s  p e l a g i c  
e x i s t e n c e .
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V e r t i c a l  m i g r a t i o n  i B  i n f l u e n c e d  b y  t h e  i n t e r a c t i o n  o f  l a r v a e  
w i t h  b o t h  p h y s i c a l  a n d  b i o l o g i c a l  f a c t o r s  i n  t h e  o c e a n ,  e . g .  o c e a n i c  
c u r r e n t s ,  s t r a t i f i c a t i o n ,  l i g h t ,  o x y g e n ,  s p e c i e s - s p e c i f i c  t e m p e r a t u r e  
p r e f e r e n c e ,  p h o t o t a x i s ,  a n d  p r e d a t o r  o r  p r e y  d i s t r i b u t i o n s .  S t r o n g  
s a l i n i t y  d i s c o n t i n u i t i e s  c a n  i n h i b i t  p o s i t i v e  p h o t o t a c t i c  r e s p o n s e s  
a n d  d i e l  v e r t i c a l  m i g r a t i o n s  o f  z o o p l a n k t o n  ( G r i n d l e y  1 9 6 4 )  o r  t h e  
r e s u l t i n g  d e n s i t y  d i s c o n t i n u i t y  m a y  a g g r e g a t e  z o o p l a n k t o n  ( H a r d e r  
1 9 6 8 ) .  R e c e n t l y  a  r e l a t i o n s h i p  b e t w e e n  v e r t i c a l  d i s t r i b u t i o n  o f  
y o l k - s a c  C a l i f o r n i a  g r u n i o n  ( L e u r e s t h e s  t e n u i s )  a n d  w a t e r  t e m p e r a t u r e  
h a s  b e e n  d e m o n s t r a t e d  ( E h r l i c h  a n d  M u s z y n s k i  1 9 8 2 ) .
D i e l  v e r t i c a l  m o v e m e n ts  c a n  b e  a d a p t i v e  i n  t h a t  a  m i g r a t o r  m a y  
m o v e  i n t o  w a t e r  m a s s e s  w i t h  d i f f e r e n t  s p e e d s  a n d  d i r e c t i o n s ,  t h e r e b y  
g r e a t l y  e n h a n c i n g  i t s  h o r i z o n t a l  d i s p l a c e m e n t  c a p a c i t y  ( H a r d y  1 9 5 3 ,  
1 9 5 6 ;  W a te r m a n  1 9 5 8 ;  B a i n b r i d g e  1 9 6 1 ) .  T i d a l  c u r r e n t s  c a n  p r o v i d e  a  
v e r t i c a l  v e l o c i t y  g r a d i e n t .  T h e  c o m b i n a t i o n  o f  t i d a l  a n d  r i v e r i n e  
i n p u t  i n  a n  e s t u a r y  c a n  p r o v i d e  a  v e r t i c a l  g r a d i e n t  i n  n e t  d i r e c t i o n a l  
d i s p l a c e m e n t .  E s t u a r i n e  t i d a l  c u r r e n t s  i n f l u e n c e  v e r t i c a l  m i g r a t i o n ,  
e s p e c i a l l y  w h e r e  p l a n k t e r s  h a v e  t o  m a i n t a i n  a  c r i t i c a l  d e n s i t y  i n  
a r e a s  s u b j e c t  t o  s t r o n g  d i s p e r s i v e  t i d a l  f l o w s  ( G r i n d l e y  1 9 6 4 ;  
W o o d m a n s e e  1 9 6 6 ) .  T h e  i d e a  o f  s y n c h r o n y  b e t w e e n  s e l e c t i v e  s w im m in g  
a n d  t i d a l  c y c l e s  w a s  f i r s t  p r o p o s e d  b y  N e l s o n  ( 1 9 1 2 ,  1 9 1 7 )  f o r  o y s t e r  
l a r v a e ,  w h ic h  a s c e n d  d u r i n g  f l o o d  t i d e  a n d  d e c e n d  d u r i n g  e b b .  A  
b e h a v i o r a l  s e l e c t i o n  m e c h a n is m  w a s  a l s o  d e m o n s t r a t e d  f o r  t h e  m i g r a t i o n  
o f  a  p e n a i d  s h r i m p  ( H u g h e s  1 9 6 9 a ,  1 9 6 9 b ,  1 9 7 2 ) .  M o s t  o f  t h e  e a r l y  
w o r k  o n  e s t u a r i n e  t i d a l  t r a n s p o r t  o r  r e t e n t i o n  i n v o l v e d  i n v e r t e b r a t e  
s t u d i e s  ( P r y t h e r c h  1 9 2 8 ;  N e l s o n  a n d  P e r k i n s  1 9 3 0 ;  N e ls o n  1 9 3 1 ,  1 9 5 4 ;
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R u g h l e y  1 9 3 3 ;  R o g e r s  1 9 4 0 ;  C a r r i k e r  1 9 5 1 ;  M a n n in g  a n d  W h a le y  1 9 5 4 ;  
B o u s f i e l d  1 9 5 5 ;  K u n k l e  1 9 5 7 ;  W o o d m a n s e e  1 9 6 6 ) .  C o n t in u o u s  
m e a s u r e m e n t s  o f  s p o n t a n e o u s  a c t i v i t y  o r  m e t a b o l i c  r a t e  o f  c r u s t a c e a n s  
r e v e a l e d  r h y t h m i c  c o m p o n e n ts  o f  b o t h  d i e l  a n d  t i d a l  f r e q u e n c i e s  ( B r o w n
1 9 6 1 ) ,  T h e s e  e a r l y  s t u d i e s  fo r m e d  t h e  b a s i s  f o r  t h e  p r e s e n t  
r e l a t i v e l y  a d v a n c e d  s t a t e  o f  c r u s t a c e a n  e s t u a r i n e  t r a n s p o r t  
i n v e s t i g a t i o n  ( s e e  K e n n e d y  1 9 8 2  f o r  c o l l e c t i o n  o f  p a p e r s  o n  p h y s i c a l  
e x p o r t  a n d  r e e n t r y ,  b e h a v i o r ,  r e p r o d u c t i v e  s t r a t e g i e s ,  a n d  g e n e t i c  
s e l e c t i o n ) .  T h e s e  m e c h a n i s t i c  p r i n c i p l e s  p r o v i d e  a  b a s i s  f o r  l a r v a l  
f i s h  t r a n s p o r t  i n v e s t i g a t i o n s .
S t u d i e s  i n v o l v i n g  N o r t h  S e a  f l a t f i s h  s p a w n in g  m i g r a t i o n s  h a v e  
d e m o n s t r a t e d  t h a t  a d u l t  s o l e  ( S o l e a  s o l e a )  a n d  p l a i c e  ( P l e u r o n e c t e s  
p l a t e s s a )  s e l e c t  t i d a l  c u r r e n t s  i n  f a v o r a b l e  d i r e c t i o n s  b e f o r e  
v e r t i c a l l y  a s c e n d in g  ( d e  V e e n  1 9 6 7 ;  G r e e r  W a l k e r  e t  a l . 1 9 7 8 ) .  T h i s  
s e l e c t i v e  t i d a l  t r a n s p o r t  r e s u l t s  i n  a  d e m o n s t r a b l e  e n e r g y  s a v in g s  
( W e ih s  1 9 7 8 ) .  E n e r g y  c o n s e r v a t i o n  h a s  a l s o  b e e n  s h o w n  t o  r e s u l t  f r o m  
d a i l y  v e r t i c a l  m i g r a t i o n s  i n  n o r t h e r n  a n c h o v y  u p  t o  1 1  mm S L  
( T h e i l a c k e r  a n d  D o r s e y  1 9 8 0 ) .  S i m i l a r i l y ,  t h e  m i g r a t o r y  b e h a v i o r  o f  
l a r v a l  f i s h e s  i n  e s t u a r i e s  i s  m a n i f e s t e d  m o s t l y  i n  t h e  v e r t i c a l  r a t h e r  
t h a n  h o r i z o n t a l  p l a n e .  S u c h  b e h a v i o r ,  i n  o r d e r  t o  m a x i m iz e  t h e  
b e n e f i t s  o f  r e t e n t i o n  o r  t r a n s p o r t ,  s h o u ld  b e  s e l e c t i v e ,  a l t h o u g h  
r a n d o m  v e r t i c a l  m o v e m e n t  m a y  b e  b e t t e r  t h a n  n o n e  a t  a l l .  I n  f a c t ,  t h e  
r e t e n t i o n  o f  l a r v a e  i n  e s t u a r i e s  c a n  s o m e t im e s  b e  e x p l a i n e d  b y  t o t a l l y  
m e c h a n i c a l  p r o c e s s e s  ( i . e .  b u o y a n c e ,  t i d a l  c u r r e n t  v a r i a b i l i t y ,  
t u r b u l e n c e ,  e t c . )  w h ic h  e l i m i n a t e  t h e  n e e d  f o r  b e h a v i o r i a l  
s u p p o s i t i o n s  s u c h  a s  t h e  n e c e s s i t y  o f  l a r v a l  p h o t o t a x i s  o r  t i d a l l y
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s t i m u l a t e d  s w im m in g  b e h a v i o r  ( D e W o l f  1 9 7 3 ) .  A  s t u d y  o f  t h e  
i c h t h y o p l a n k t o n  d i s t r i b u t i o n  a n d  e c o l o g y  i n  C o n n e c t i c u t ' s  M y s t i c  
R i v e r ,  w h ic h  h a s  a  w e l l  d e f i n e d  t w o - l a y e r e d  c i r c u l a t i o n  s y s t e m ,  
i n d i c a t e d  t h a t  d e m e r s a l  e g g s  m a y  b e  a n  e f f e c t i v e  m e c h a n is m  t o  e n s u r e  
s p a w n in g  s u c c e s s  a n d  n u r s e r y  a r e a  r e t e n t i o n  ( P e a r c y  a n d  R i c h a r d s
1 9 6 2 ) .  T h e  r e s u l t i n g  l a r v a l  d e n s i t i e s  w e r e  s i g n i f i c a n t l y  g r e a t e r  i n  
t h e  l a n d w a r d - m o v i n g  b o t t o m  l a y e r  t h a n  a t  t h e  s u r f a c e .
R o g e r s  ( 1 9 4 0 )  w a s  t h e  f i r s t  t o  s t u d y  t h e  i n t e r a c t i o n  o f  t i d a l  
c u r r e n t s  a n d  d i u r n a l  v e r t i c a l  m i g r a t i o n  i n  l a r v a l  f i s h .  H e  r e p o r t e d  
t h a t  l a r v a l  r a i n b o w  s m e l t  ( O s m e r u s  m o r d a x )  i n  t h e  M i r a m i c h i  R i v e r ,  N ew  
B r u n s w i c k  w e r e  n o t  f l u s h e d  o u t  o f  t h e  e s t u a r y  b e c a u s e  o f  d i u r n a l  
v e r t i c a l  m i g r a t i o n ,  s i n c e  t h e  o l d e r  l a r v a e  w e r e  n e g a t i v e l y  
p h o t o t r o p i c .  A n  a v e r a g e  o f  1 5  h o u r s  o f  d a y l i g h t  d u r i n g  t h e i r  l a r v a l  
s e a s o n ,  J u n e  a n d  J u l y ,  e n s u r e d  t h a t  t h e  l a r v a e  h a d  a  l o n g e r  r e s i d e n c e  
t i m e  i n  t h e  d e e p e r  l a n d w a r d - m o v i n g  w a t e r  l a y e r .  S u c h  r e s u l t s  h a v e  l e d  
som e a u t h o r s  t o  c o n c l u d e  t h a t  t h e  i n f l u e n c e  o f  d i e l  m i g r a t i o n  o n  t h e  
d i s t r i b u t i o n  a n d  s u r v i v a l  o f  l a r v a l  f i s h  h a s  b e e n  i g n o r e d  t o o  o f t e n  
( S m i t h  e t  a l .  1 9 7 8 ) .
S e l e c t i v e  t i d a l  t r a n s p o r t  c a n  a l s o  b e  i n d e p e n d e n t  o f  t h e  
i n f l u e n c e s  o f  d i u r n a l  v e r t i c a l  m i g r a t i o n ,  a s  d e m o n s t r a t e d  f o r  t h e  
s p r i n g  i n s h o r e  m i g r a t i o n  o f  A n g u i l l a  v u l g a r i s  e l v e r s  f r o m  t h e  D u t c h  
W a d d e n  S e a  a n d  t h e  M a r s d i e p  t i d a l  i n l e t  ( C r e u t z b e r g  1 9 6 1 ) .  L a t e r  
e v i d e n c e  w a s  f o u n d  f o r  s e l e c t i v e  t i d a l  t r a n s p o r t  b y  p l a i c e  l a r v a e  i n  
t h e  s a m e  a r e a  ( C r e u t z b e r g  e t  a l .  1 9 7 8 ) .  E s t u a r i n e  s e l e c t i v e  t i d a l  
t r a n s p o r t  h a s  a l s o  b e e n  d e m o n s t r a t e d  f o r  t h e  A m e r i c a n  e e l  (S h a w  1 9 8 1 ;
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M c C le a v e  a n d  K l e c k n e r  1 9 8 2 ) .  T h i s  t y p e  o f  t r a n s p o r t  m a y  b e  
r e s p o n s i b l e  f o r  t h e  d i s c o n t i n u o u s  s e a w a r d  m i g r a t i o n  o f  p i n k  s a lm o n  
( O n c o r h y n c h u s  g o r b u s c h a )  f r y  ( H e a l e y  1 9 6 7 ) .  T i d a l l y  p h a s e d  a c t i v i t y  
r h y t h m  h a s  a l s o  b e e n  s h o w n  f o r  t h e  h o g c h o k e r ,  T r i n e c t e s  m a c u l a t u s , 
( O 'C o n n o r  1 9 7 2 )  a n d  f o r  y o u n g  p l a i c e  ( G ib s o n  1 9 7 3 ) .
T h e  t r i g g e r i n g  o f  a c t i v e  v e r t i c a l  m i g r a t i o n  b y  t i d a l  c u r r e n t s  i n  
a  t w o - l a y e r e d  e s t u a r i n e  c i r c u l a t i o n  s y s t e m  l e a d s  t o  f l u s h i n g ,  
t r a n s p o r t ,  o r  r e t e n t i o n  o f  l a r v a e  (G r a h a m  a n d  D a v i s  1 9 7 1 ;  G ra h a m  1 9 7 2 ;  
S h a w  1 9 8 1 ;  F o r t i e r  a n d  L e g g e t t  1 9 8 2 ) .  I n  t h e  t w o - l a y e r e d  C a p e  F e a r  
R i v e r ,  N o r t h  C a r o l i n a ,  t h e  l a r v a e  o f  s p o t  ( L e i o s t o m u s  x a n t h u r u s ) ,  
A t l a n t i c  c r o a k e r  ( M i c r o p o g o n i a s  u n d u l a t u s ) ,  a n d  f l o u n d e r s  
( P a r a l i c h t h y s  s p . )  d i s p l a y e d  b e h a v i o r a l  r e s p o n s e s ,  p r i m a r i l y  t o  t i d e  
a n d  p h o t o p e r i o d ,  w h i c h  a i d e d  t h e i r  t r a n s p o r t  a n d  r e t e n t i o n  w i t h i n  t h e  
e s t u a r y  ( W e i n s t e i n  e t  a l .  1 9 8 0 ) .  T h i s  e x p a n d s  a n  e a r l i e r  h y p o t h e s i s  
( W a l l a c e  1 9 4 0 ;  H a v e n  1 9 5 7 )  t h a t ,  i n  t h e  C h e s a p e a k e  B a y ,  l a r v a l  c r o a k e r  
e x h i b i t  p a s s i v e  u p - c h a n n e l  t r a n s p o r t  a f t e r  a c t i v e l y  s e e k i n g  t h e  b o t t o m  
l a y e r .  A  s i m i l a r  t r a n s p o r t  m e th o d  i s  u t i l i z e d  b y  a n o t h e r  o f f s h o r e  
f a l l  s p a w n e r ,  t h e  h o g c h o k e r  ( D o v e l  e t  a l .  1 9 6 9 ) .
I n  t h e  u p p e r  r e a c h e s  o f  t h e  S t .  L a w r e n c e  R i v e r  e s t u a r y ,  p h y s i c a l  
r e s p o n s e s  t o  e s t u a r i n e  c i r c u l a t i o n  a r e  s h o w n  b y  t h e  s u r f a c e  d o w n s t r e a m  
f l u s h i n g  o f  c a p e l i n ,  b o t t o m  u p s t r e a m  m o v e m e n t  o f  A t l a n t i c  h e r r i n g ,  a n d  
r e t e n t i o n  o f  r a i n b o w  s m e l t  ( F o r t i e r  a n d  L e g g e t t  1 9 8 2 ) ,  L i f e  h i s t o r i e s  
o f  f i s h e s  a n d  a s s o c i a t e d  p l a n k t o n  d i s t r i b u t i o n s  i n  t h e  l o w e r  r e a c h e s  
o f  t h i s  e s t u a r y  a l s o  a p p e a r  t o  b e  a d a p t e d  t o  t h e  c i r c u l a t i o n  p a t t e r n s  
( D e L a F o n t a i n e  e t  a l .  1 9 8 1 ) .  T h e  t i m i n g  a n d  s p a t i a l  o c c u r r e n c e  o f
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s p a w n in g  t e n d s  t o  t a k e  a d v a n t a g e  o f  p e r i o d s  a n d  a r e a s  o f  h i g h  
p r o d u c t i v i t y ,  s p e c i a l  p r e d a t o r - p r e y  r e l a t i o n s h i p s ,  a n d  c o n d i t i o n s  
a f f e c t i n g  t r a n s p o r t ,  a l l  o f  w h ic h  w i l l  f u r t h e r  t h e  s u r v i v a l  o f  t h e  
y o u n g .  F o r t i e r  a n d  L e g g e t t  ( 1 9 8 2 )  h a v e  r e v i e w e d  t h e s e  i n t e r c o n n e c t e d  
c a u s e  a n d  e f f e c t  r e l a t i o n s h i p s  w h ic h  h i s t o r i c a l l y  h a v e  b e e n  l a b e l l e d  
c r i t i c a l  p e r i o d  ( F a b r e - D o m e r g e  a n d  B i e t r i x  1 8 9 7 ;  H j o r t  1 9 2 6 ;  M a y  
1 9 7 4 ) ,  e n v i r o n m e n t a l  m a t c h /m is m a t c h  ( C u s h i n g  1 9 7 2 ) ,  a n d  
c i r c u l a t i o n - s u r v i v a l  ( T u r n e r  a n d  C h a d w ic k  1 9 7 2 ) .
D i s c u s s i o n  a n d  C o n c l u s i o n s
T h e  IC E S  R e p o r t  o f  t h e  W o r k in g  G r o u p  o n  t h e  D i s t r i b u t i o n  o f  
L a r v a l  F i s h  ( 1 9 7 9 ) ,  a n  e x c e l l e n t  i n t e r n a t i o n a l  r e v i e w  o f  l a r v a l  
p r o g r a m s ,  i n c l u d e s  t h e  s u b j e c t  o f  t r a n s p o r t .  T h i s  w o r k i n g  g r o u p  
d e v e l o p e d  a  c o n c e p t u a l  m o d e l  ( F i g u r e  1 )  o f  t h e  m a j o r  e l e m e n t s  o f  
f i s h e r i e s  e c o l o g y .  I n c l u d e d  a r e  p h y s i c a l  f a c t o r s  a f f e c t i n g  t h e  
d i s t r i b u t i o n  a n d  t r a n s p o r t a t i o n  o f  l a r v a e :  s t r a t i f i c a t i o n ,  a d v e c t i o n ,
w e a t h e r ,  a n d  c l i m a t e .  I d e n t i f i c a t i o n  a n d  q u a n t i f i c a t i o n  o f  t h e s e  
f a c t o r s  a f f e c t i n g  l a r v a l  t r a n s p o r t ,  i n  r e l a t i o n s h i p  t o  r e c r u i t m e n t ,  
h a v e  b e e n  t a r g e t e d  a s  k e y  i s s u e s  i n  r e c e n t  f i s h e r i e s  e c o l o g y  m e e t i n g s  
(A d  H o c  G r o u p  1 9 8 0 ;  W H O I/N M F S  1 9 8 1 ;  B a k u n  e t  a l . 1 9 8 2 ;  R o t h c h i l d  a n d  
R o o t h  1 9 8 2 ) .
R e p r o d u c t i o n  o c c u r s  o n l y  w i t h i n  a  r e l a t i v e l y  s m a l l  p o r t i o n  o f ,  o r  
a t  s e l e c t e d  s i t e s  w i t h i n  t h e  t o t a l  s p e c i e s  r a n g e .  R e p r o d u c t i v e  
a g g r e g a t i o n s  o f  m i g r a t o r y  s p e c i e s  g e n e r a l l y  a r e  c o n c e n t r a t e d  i n  
g e o g r a p h i c  a r e a s  w h ic h  h a v e  h i s t o r i c a l l y  p r o v i d e d  c o n d i t i o n s  f o r  
r e p r o d u c t i v e  s u c c e s s ,  i . e .  a r e a s  o f  r e l a t i v e  l o n g - t e r m  h y d r o g r a p h i c
s t a b i l i t y  b u t  n o t  n e c e s s a r i l y  c o n s i s t e n t  y e a r - t o - y e a r  s t a b i l i t y  
( C u s h i n g  a n d  D i c k s o n  1 9 7 6 ;  S h a r p  1 9 8 1 ) .  F i s h  w i t h  p e l a g i c  e g g s  o f t e n  
r e p r o d u c e  i n  g y r e s  a n d  f r o n t s  ( L o e b  1 9 8 0 ;  F r a n k  a n d  L e g g e t t  1 9 8 3 ) ,  
t h u s  m a k in g  a r e a s  o f  u p w e l l i n g  a n d  b o u n d a r y  c u r r e n t s  am o n g  t h e  m o s t  
p r o d u c t i v e  ( G a r r o d  a n d  K n i g h t s  1 9 7 9 ) ,  T h e  g e n e t i c  d i v e r g e n c e  o f  
s t o c k s ,  i n  so m e  c a s e s ,  i s  p r o b a b l y  e n h a n c e d  b y  p r e v a i l i n g  g y r a l  o r  
u p w e l l i n g  c o n d i t i o n s .  E n v i r o n m e n t a l  v a r i a t i o n ,  h o w e v e r ,  i s  a l w a y s  a  
f a c t o r ,  n e c e s s i t a t i n g  a d a p t a b l e  l i f e  h i s t o r y  c h a r a c t e r i s t i c s  ( G a r r o d  
a n d  K n i g h t s  1 9 7 9 ) .  M o s t  c o a s t a l  s p e c i e B  h a v e  i n c r e a s e d  t h e i r  
r e p r o d u c t i v e  p o t e n t i a l  w i t h  h i g h  f e c u n d i t i e s ,  p r o t r a c t e d  s p a w n in g  
s e a s o n s ,  o r  m u l t i p l e  s p a w n in g  s i t e s  t o  c o u n t e r a c t  t h e  m o r t a l i t i e s  
a s s o c i a t e d  w i t h  " u n p r e d i c t a b l e "  e n v i r o n m e n t s .  Y e t ,  c e r t a i n  s p e c i e s  
a d d i t i o n a l l y  m a x i m iz e  l a r v a l  s u r v i v a l  b y  t a k i n g  a d v a n t a g e  o f  " n o r m a l "  
o c e a n o g r a p h i c  c o n d i t i o n s .  T h e r e  a r e  r e l a t i v e l y  f e w  k i n d s  o f  c u r r e n t  
s y s t e m s ,  a n d  t h e s e  i n f l u e n c e  t r a n s p o r t  o f  y o u n g  i n  p r e d i c t a b l e  w a y s .  
S u c c e s s f u l  r e c r u i t m e n t  o f  l a r v a e  m a y  b e  e n h a n c e d  b y  " s a f e  s i t e s "  i n  
w h i c h  p h y s i c a l  p r o c e s s e s  u s u a l l y  i n s u r e  t h a t  b i o l o g i c a l  c o n d i t i o n s  a r e  
f a v o r a b l e  f o r  s u r v i v a l .  R e c r u i t m e n t  s u c c e s s  f o r  l a r v a e  o f  m a n y  
s p e c i e s  i s  l i n k e d  t o  r e t e n t i o n  w i t h i n ,  o r  a p p r o p r i a t e l y  t i m e d  
t r a n s p o r t  i n t o  o r  o u t  o f  e s t u a r i e s .  T h e r e f o r e ,  d i s p l a c e m e n t  o f  
s p a w n in g  g r o u n d s  o r  s p a w n in g  p r o d u c t s  c a n  h a v e  a n  a d v e r s e  e f f e c t  o n  
r e c r u i t m e n t .  A n o m a lo u s  p h y s i c a l  a n d  b i o l o g i c a l  c o n d i t i o n s  c a n  e n h a n c e  
o r  i n h i b i t  s u r v i v a l .  U l t i m a t e  r e p r o d u c t i v e  s u c c e s s  f o r  so m e  s p e c i e s  
i s  d e p e n d e n t  u p o n  a  m a t c h / m i s m a t c h  o f  t h e  m o s t  i n f l u e n t i a l  p h y s i c a l  
a n d  b i o l o g i c a l  f a c t o r s .
S p e c i e s  a n d  s i t e - s p e c i f i c  i c h t h y o p l a n k t o n  s t u d i e s  c a n  h e l p  t o  
u n d e r s t a n d  t h e  i n f l u e n c e  o f  s e v e r a l  l a r v a l  f i s h  t r a n s p o r t  m e c h a n is m s  
s u c h  a s :  m a j o r  o c e a n  c u r r e n t s ,  o c e a n i c  f r o n t s ,  u p w e l l i n g  r e g i m e s ,
c o a s t a l  c u r r e n t s ,  e s t u a r i n e / c o a s t a l  c o u p l i n g ,  r i v e r  p lu m e s ,  a n d  
t w o - l a y e r e d  e s t u a r i n e  c i r c u l a t i o n .  K n o w le d g e  o f  c u r r e n t  p a t t e r n s ,  
p r e v a i l i n g  w in d  c o n d i t i o n s ,  a n d  p e r i o d i c i t y  o f  a t m o s p h e r i c  f r o n t a l  
p a s s a g e s  s h o u l d  b e  c o n s i d e r e d  i n  p l a n n i n g  s t u d i e s  a n d  q u a n t i f y i n g  a n d  
p r e d i c t i n g  p l a n k t o n i c  d r i f t  p a t t e r n s .  S i n c e  t h e s e  i n t e r a c t i o n s  h a v e  
a n  a d a p t i v e  v a l u e  t o  i n c r e a s e  s p a w n in g  s u c c e s s ,  f u t u r e  i n v e s t i g a t i o n s  
s h o u l d  c o n s i d e r  p a t t e r n s  o f  p l a n k t o n i c  t r a n s p o r t  a n d  d i s p e r s a l  s i n c e  
p r e s e n t  d a y  s p a w n in g  a r e a s  a n d  t i m e s  h a v e  b e e n  r e i n f o r c e d  b y ,  a n d  m a y  
o w e  t h e i r  c o n t i n u e d  e x i s t e n c e  t o  t h e  d o m in a n t  p h y s i c a l  c o n d i t i o n s .
I n i t i a l l y ,  t h e  i n v e s t i g a t i o n  o f  m a r i n e  t r a n s p o r t  m e c h a n is m s  w a s  
a p p r o a c h e d  d e s c r i p t i v e l y .  E a r l y  s t u d i e s  i n v o l v e d  t h e  d o c u m e n t a t i o n  o f  
s e a s o n a l ,  s p a t i a l ,  a n d  v e r t i c a l  d i s t r i b u t i o n s  w i t h  o r  w i t h o u t  
o b s e r v a t i o n s  o f  t h e  p h y s i c a l  e n v i r o n m e n t .  T o d a y 's  a p p r o a c h  i s  m o r e  
c o m p r e h e n s i v e  a n d  p r o c e s s  o r i e n t e d ,  i n v o l v i n g  e m p i r i c a l  a n a l y s e s  o f  
t h e  f a c t o r s  d r i v i n g  t r a n s p o r t .  R e g r e s s i o n  a n d  t i m e - s e r i e s  a n a l y s i s  
a p p r o a c h e s ,  w h ic h  i n v o l v e  s p a w n in g  a n d  t r a n s p o r t  s u c c e s s  a n d  
y e a r - c l a s s  s t r e n g t h  ( a l o n g  t h e  l i n e s  o f  s p a w n e r - r e c r u i t  
e n v i r o n m e n t - s u r v i v o r  m o d e l s ) ,  w o u l d  a l l o w  i n c o r p o r a t i o n  o f  t h e s e  
e f f e c t s  o n  l a r v a l  s u r v i v a l  i n t o  a  p r e d i c t i v e  m o d e l .  R e s e a r c h  i s  
n e e d e d  t o  d e t e r m i n e  t h e  e n v i r o n m e n t a l  c u e s  a n d  b e h a v i o r a l  r e s p o n s e s  
i n v o l v e d  i n  t h e  d i r e c t i o n a l  s e l e c t i o n  o f  l a r v a e  a c t i v e l y  m i g r a t i n g .  
A r e a s  o f  e s t u a r i n e  r e s e a r c h  w h ic h  s h o w  p r o m i s e  i n c l u d e  c o n t i n u e d  
b i o l o g i c a l  s t u d i e s  o n  t h e  e f f e c t s  o f  w i n d ,  a n d  p i o n e e r  w o r k  o n  t h e
e f f e c t s  o f  n o n t i d a l  f o r c i n g  f r o m  t h e  c o a s t a l  o c e a n  a n d  t h e  e f f e c t s  o f  
t o p o g r a p h y  o n  t r a n s v e r s e  c i r c u l a t i o n  i n  e s t u a r i e s .  I d e a l l y  t h e  s t u d y  
o f  i c h t h y o p l a n k t o n  d y n a m i c s ,  s u r v i v a l ,  a n d  s u b s e q u e n t  r e c r u i t m e n t  
s u c c e s s  s h o u ld  i n c l u d e ,  t h e  d e t e r m i n a t i o n  o f  p h y s i c a l  a n d  c h e m i c a l  
p r o c e s s e s ,  a s  w e l l  a s  b i o l o g i c a l  i n t e r a c t i o n s  t h a t  a f f e c t  t h e  n a t u r a l  
v a r i a b i l i t y  a t  b o t h  t h e  m a c r o -  a n d  m i c r o s c a l e s  i n  t i m e  a n d  s p a c e .  We 
m u s t  b r o a d e n  o u r  r e s e a r c h  a p p r o a c h e s  e s p e c i a l l y  i n  l i g h t  o f  t h e  
e x p a n d i n g  o c e a n o g r a p h i c  d a t a  o n  t h e  i m p o r t a n c e  o f  l o n g - t e r m  c y c l e s ;  
t h e  c o u p l i n g  o f  c l i m a t o l o g y ,  h y d r o g r a p h y ,  p r o d u c t i v i t y ,  a n d  t h e  
e c o s y s t e m ;  a n d  t h e  s i g n i f i c a n c e  o f  t h e  o f f s h o r e - c o a s t a l - e s t u a r i n e  
l i n k a g e .  A  b a s i c  u n d e r s t a n d i n g  o f  t h e s e  l i n k a g e s  i s  a n  i n t e g r a l  p a r t  
o f  d e v e l o p i n g ,  e v a l u a t i n g ,  a n d  r e f i n i n g  f u t u r e  s p a w n e r - r e c r u i t  
e n v i r o n m e n t - s u r v i v a l  r e l a t i o n s h i p s  a n d  m o d e l s .  T h i s  u n d e r s t a n d i n g  i s  
a l s o  i m p o r t a n t  t o  t h e  f u n d a m e n t a l  u n d e r s t a n d i n g  o f  r e p r o d u c t i v e  
p a t t e r n s ,  g e n e t i c  d i v e r g e n c e ,  c o m m u n i t y  s t a b i l i t y ,  a n d  e c o s y s t e m  
e n e r g y  f l u x .  " T h e  l a r v a l  t r a n s p o r t  a n d  r e t e n t i o n  p r o b l e m  w i l l  r e q u i r e  
i n t e r d i s c i p l i n a r y  c o m m u n ic a t io n  f o r  r e s o l u t i o n . . . t h e  p r o b l e m  s t a n d s  a t  
t h e  s t a t e  o f  t h e  a r t  i n  b o t h  p h y s i c a l  a n d  b i o l o g i c a l  f i e l d s "  ( B o i c o u r t  
1 9 8 2 : 4 5 6 ) .
A c k n o w le d g e m e n t s
We w i s h  t o  t h a n k  G i l b e r t  W . B a n e ,  J o s e p h  J .  G r a h a m ,  A r t h u r  W . 
K e n d a l l ,  J r . ,  B e r n a r d  J .  M e A l i c e ,  J o h n  E .  O l n e y ,  K e n n e t h  J .  S u l a k ,  R .  
E u g e n e  T u r n e r ,  W i l l i a m  J .  W is e m a n ,  J r . ,  f o r  t h e i r  c o n s t r u c t i v e  
c r i t i c i s m  o f  t h i s  m a n u s c r i p t .  T h i s  m a n u s c r i p t  w a s  t y p e d  b y  t h e  V IM S  
R e p o r t  C e n t e r .  P a r t i a l  s u p p o r t  f o r  t h i s  p r o j e c t  w a s  p r o v i d e d  b y  t h e  
L o u i s i a n a  S e a  G r a n t  C o l l e g e  a n d  t h e  D e p a r t m e n t  o f  F i s h e r i e s  S c i e n c e  
a n d  S e r v i c e s ,  V i r g i n i a  I n s t i t u t e  o f  M a r i n e  S c i e n c e .
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F IG U R E  L E G E N D S
F i g u r e  1 .  S c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  m a j o r  e l e m e n t s  o f  a  
f i s h e r i e s  e c o l o g y  i n v e s t i g a t i o n  d e s ig n e d  t o  p r o v i d e  
p o p u l a t i o n  i n f o r m a t i o n  f o r  r e s o u r c e  m a n a g e m e n t  p u r p o s e s . 
E n v i r o n m e n t a l  i n f l u e n c e s  o n  t h e  p o p u l a t i o n s  i n c l u d i n g  
g r a d i e n t s ,  c u r r e n t s ,  w e a t h e r  a n d  c l i m a t e ,  a r e  s u b j e c t e d  t o  
c o r r e l a t i v e  a n d  c a u s e - e f f e c t  a n a l y s e s .  A n a l y s e s  o f  e n e r g y  
l i n k a g e s  a n d  t r a n s f e r  e f f i c i e n c i e s  p r o v i d e  a  u n i f y i n g  
m a t r i x  f o r  t h e  s t u d i e s .
( A f t e r  IC E S  1 9 7 9 )
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MICROSCALE
S TR A TIF IC A T IO N  
A D V E C TIO N  
W EATHER j  
C LIM A TO LO G Y /
FO R EC A STS  
OF RECRUITS
A D U LTS
JU V E N IL E S
SPA W N IN G




PRED ATIO N/CO M PETITIO N  





PREDATION /  COMPETITION 
LARVAL SU R VIVA L  
TROPHODYNAMICS
RESOURCE INFORMATION  
FOR
P R E D IC T IO N  8  MANAGEMENT,
Appendix 6 .5  -  F ig u re
M o d e l  d e p i c t i n g  b e h a v i o r a l  r e s p o n s e  o f  p o s t - l a r v a l  
c r o a k e r  t o  t i d e  a n d  p h o t o p e r i o d  ( f r o m  W e i n s t e i n  e t  a l .  
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A P P E N D IX  7
A ppendix 7 .1  -  F ig u re
L i n e a r  r e g r e s s i o n  o f  t h e  A p r  i  1 - S e p t  e m b e r  s u m m e r s u r v i v a l  
i n d e x  o n  t *l e  J a n u a r y - F e b r u a r y - M a r c h  a v e r a g e





















JAN-FEE-MAR TEMPERATURE DEG C
Appendix 7 .2  -  F ig u re
Q u a d r a t i c  r e l a t i o n s h i p  b e t w e e n  t h e  s u m m e r s u r v i v a l  i n d e x  
( J g O j j )  a n d  t h e  w in t e r  t e m p e r a t u r e  ( J F M ) .  T h e  Beven 
c o l d e s t  y e a r s  i n  w h i c h  t h e  t e m p e r a t u r e  i s  t h e  p r e d o m i n a n t  


















Appendix 7 .3  -  F ig u re
Q u a d r a t i c  r e l a t i o n s h i p ,  w i t h  e a c h  p o i n t  l a b e l l e d  b y  y e a r ,  
b e t w e e n  t h e  s u m m e r  s u r v i v a l  i n d e x  a n d  t h e  w i n t e r  
t e m p e r a t u r e  w h e n  i t  i s  g r e a t e r  t h a n  4 . 5 ° C ,  1 9 5 4 - 1 9 8 2 .
1 2 0  
100-  
8 0 -  
6 8  
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JAN-FEB-MAR TEMPERATURE DEG C
A ppendix 7 .4  -  F ig u re
L i n e a r  r e g r e s s i o n  o f  t h e  A p r i l - S e p t e m b e r  su m m e r s u r v i v a l  
i n d e x  o n  t *l e  O c t o b e r  j u v e n i l e  i n d e x
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A ppendix 7 .5  -  F ig u re
L i n e a r  r e g r e s s i o n  o f  t h e  A p r i l - S e p t e m b e r  s u m m e r s u r v i v a l  
i n d e x  o n  t h e  O c t o b e r  j u v e n i l e  i n d e x  e x c l u d i n g  t h e
s e v e n  y e a r s  w h e n  t h e  J a n u a r y - F e b r u a r y - M a r c h  t e m p e r a t u r e  
w a s  l e s s  t h a n  4 . 5 ° C ,  1 9 5 4 - 1 9 8 2 ,  (R ^ * *  0 . 5 7 ,  n B 1 8 ) .
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M u l t i p l e  R e g r e s s i o n  A n a l y s i s  
D a t a  f o r  1 9 5 7  a r e  E x c l u d e d
D E P E N D E N T  V A R IA B L E . .
s u n
V A R IA B L E (S )  E N T E R E D  ON S T E P  NUM BER 1 . .  J F M
2 . .  O C T
3 . .  S Q J F M
M U L T IP L E  R  0 . 9 7 5 5 2
R  SQ UAR E 0 . 9 5 1 6 5
A D J U S T E D  R  SQ U A R E 0 . 9 4 4 3 9
STA N D A R D  ER R O R  5 . 6 3 7 6 6
A N A L Y S IS  OF V A R IA N C E
D F
R E G R E S S IO N  3
R E S ID U A L  2 0
SUM  OF SQ UARES  
1 2 5 1 0 . 3 1 1 9 9  
6 3 5 . 6 6 5 3 1
MEAN SQ UAR E  
4 1 7 0 . 1 0 4 0 0  
3 1 . 7 8 3 2 7
1 3 1 . 2 0 4 3 9 S IG N I F  F  =  0 . 0 0 0 0




(C O N S T A N T )
V A R IA B L E S  I N  T H E  E Q U A T IO N  —  
B S E  B  B E T A
- 4 8 . 5 2 4 0 7
0 . 5 7 9 2 4
4 . 9 9 2 2 5
1 1 5 . 3 8 7 4 9
7 . 4 0 9 2 3
0 . 0 8 3 3 7
0 . 6 5 8 6 9
2 0 . 3 6 4 2 2
- 2 . 4 9 5 4 3  
0 . 4 6 5 6 9  
2 . 9 8 2 2 3
T  S IG  T
- 6 . 5 4 9  0 . 0 0 0 0  
6 . 9 4 8  0 . 0 0 0 0  
7 . 5 7 9  0 . 0 0 0 0  
5 . 6 6 6  0 . 0 0 0 0
A ppendix 7 .7  -  F ig u re
L i n e a r  f o r m  o f  t h e  A p r i l - S e p t e m b e r  c r o a k e r  s u r v i v a l  i n d e x  
( J ^ U ^ )  r e g r e s s e d  o n  t h e  r e s u l t  o f  t h e  m u l t i p l e  r e g r e s s i o n  
e q u a t i o n  i n c o r p o r a t i n g  w i n t e r  t e m p e r a t u r e  ( J F M )  a n d  t h e  
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A ppendix 7 .8  -  F ig u re
A c t u a l  and  h i n d c a s t  summer j u v e n i l e  i n d i c e s , 1954-1982. 
E i n d c a s t  v a l u e s  (OCT) a r e  c a l c u l a t e d  f r o m  O c t o b e r  
j u v e n i l e  i n d i c e s  and  w in te r  te m p e ra tu re s  w i th  1957 d a ta  
exluded (R^= 0 .9 4 ,  n = 2 4 ) .
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APPENDIX 7 .9
M u l t ip le  R eg ress ion  A n a ly s is  
Above 5 .0 °C , 1954-1982
DEPENDENT VARIABLE.. J gUM
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  MAX
3 . .  SQJFM
MULTIPLE R 0.90610
R SQUARE 0.82101


















VARIABLES IN THE EQUATION — 













-3 .9 5 5  0.0007 
1 .848  0.0781 
4 .932  0.0001 
3 .296 0.0033
APPENDIX 7 .1 0
M u l t ip le  R eg re ss io n  A n a ly s is  
A d ju s ted  and Above 5 .0°C , 1954-1982
DEPENDENT VARIABLE..
S U M
VARIABLE(S) ENTERED ON STEP NUMBER 1 . .  JFM
2 . .  MAX
3 . .  SQJFM
MULTIPLE R 0.90676
R SQUARE 0.82222












33.91568 SIGNIF F = 0 .0000
-------------------------------  VARIABLES IN THE EQUATION--------------------------------
VARIABLE B SE B BETA T SIG T
4.013 0.0006 
1 .894  0.0715 
5 .012  0.0001 
3 .346  0.0029
JFM -57 .87728 14.42261 -2 .8 7 8 1 4
MAX 0.17684 0.09337 0.23123





D e ta i l s  o f  th e  V i r g in i a  and North C a ro l in a  C roaker F i s h e r i e s
N o r th  C a r o l i n a ' s  c o a s t a l  and sound  f i s h e r y ,  l i k e  t h a t  o f  
V i r g i n i a ,  i s  a  "summer t i m e "  ( A p r i l - O c t o b e r )  f i s h e r y .  However, the  
North C a ro l in a  f i s h e r y  i s  l a r g e l y  com prised o f  long h a u l  s e in e  l a n d i n g s  
in  P a m l ic o  Sound, a f i s h e r y  un ique  to  t h a t  s t a t e  s in c e  th e  e a r l y  1900 's  
(DeVries 1980 ) .  A d d i t i o n a l  c a p t u r e s  a r e  made by  common h a u l  s e i n e s ,  
pounds netB and g i l l  n e t s .  Pound n e t  and long h a u l  s e in e  f i s h e r i e s ,  th e  
major sound g e a r  f o r  c r o a k e r ,  have been  d e s c r ib e d  by H iggins and P earson  
( 1 9 2 7 )  a n d ,  t h e  l a t t e r ,  m ore r e c e n t l y  by D e V rie s  1 9 8 0 .  No c l e a r  
r e l a t i o n s h i p  between t o t a l  c a p t u r e  and  num bers  o f  c r e w s ,  an  in d e x  o f  
e f f o r t ,  i s  a p p a r e n t  f o r  th e  long h a u l  s e in e  f i s h e r y ,  though in c re a s in g  
e f f o r t  from  1971 t h r o u g h  1975 seems t o  p a r a l l e l  i n c r e a s e d  c a t c h e s ,  
p r im a r i l y  o f  c r o a k e r ,  which in c re a s e d  4 5 - fo ld  from 1971 to  1979 (D ev ries  
1980).
The M i d - A t l a n t i c  B igh t 1930 maximum la n d in g s  o f  fo o d f i s h  came 
s h o r t l y  a f t e r  a w i n t e r  t r a w l  f i s h e r y  was i n s t i t u t e d  on t h e  s h e l f  to  
i n c r e a s e  th e  g e o g ra p h ic  and tim e spans f o r  f i s h i n g  (McHugh 1977b). The 
w in te r  o t t e r  t r a w l  f i s h e r y ,  which began about 1920 on a  s m a l l  s c a l e  i n  
New J e r s e y ,  p u r s u e d  e s t u a r i n e  s p e c i e s ,  s p e c i f i c a l l y  c ro a k e r ,  to  t h e i r  
w in te r  grounds a s  f a r  so u th  a s  Cape H a t t e r a s  by 1928-29 (P e a r s o n  1932) . 
The e a r l y  e x p a n s io n  o f  t h i s  f i s h e r y ,  in c lu d in g  co m p o s i t io n ,  g ea r  ty p e  
and e f f o r t  h as  been  th o ro u g h ly  d e s c r i b e d  by P e a r s o n  ( 1 9 3 2 ) .  T h i s  i s
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s t i l l  u s e d  a s  a  r e l i a b l e  s o u r c e  and th e re  h a s  been no r e c e n t  s tudy  t o  
r e p l a c e  i t .  NCDNR/DMF i n i t i a t e d  a s tu d y  o f th e  t r a v l  f i s h e r y  i n  1 9 7 9 ,  
b u t  s i n c e  t h a t  t im e ,  th e  la n d in g s  have been in a d e q u a te  f o r  a n a l y s i s  (S .  
Ross p e r s .  conm .) .
As t h e  t r a w l i n g  f l e e t  knows, and confirm ed by ta g g in g  s tu d i e s  
(P e a r s o n  1 9 3 2 ,  P a c h e c o  1 9 5 8 ,  Haven 1 9 5 9 ) ,  f i s h  l e a v i n g  t h e  i n s h o r e  
w a t e r s  f ro m  C h e sa p e a k e  Bay and  n o r th w a r d  m i g r a t e  s o u t h  to w a rd  Cape 
H a t t e r a s .  Catch com position  n o r th  and sou th  o f  Cape Q a t t e r a s  d i f f e r s ,  
s e p a r a t e d  b y  a  m arked  g r a d i e n t  i n  w a te r  t e m p e r a t u r e  ( P e a r s o n  1932) 
i n d i c a t i v e  o f  th e  th e rm a l c o n v e rg e n c e  h e r e  (Bumpus 1 9 7 3 ) ,  m aking  t h e  
a r e a  s o u t h  o f  Cape H a t t e r a s  a t t r a c t i v e  t o  s o u t h e r n  s p e c ie s  (P ea rson  
1932) .  The development o f  th e  w in te r  t r a w l  f i s h e r y  i n c r e a s e d  p r e s s u r e  
on summer f i s h e r i e s  t h a t  may have a l r e a d y  been  a t  t h e i r  s u s t a in e d  p eak ,  
and P ea rso n  (1932) p e rc e iv e d  t h a t  th e  f u t u r e  o f  f i s h e r i e s  a t  t h a t  t im e  
seemed dependent on th e  a b i l i t y  o f  s to c k s  to  w i th s ta n d  f u r t h e r  p r e s s u r e .
The c a tc h e s  in  th e  e a r l y  y e a r s  were m ain ly  m arke ted  in  Phoebus, 
Hampton and  N o r f o l k ,  V i r g in i a ,  a l th o u g h  some were landed  in  New J e r s e y  
(P ea rso n  1932) .  T h i s  may h a v e  c o n t r i b u t e d  t o  t h e  h i g h e r  l a n d i n g s  o f  
c r o a k e r  n o r t h  o f  V i r g i n i a  i n  t h e  1 9 3 0 ' s  d is c u s s e d  e a r l i e r .  D e ta i le d  
s t a t i s t i c s  a r e  n o t  a v a i l a b l e ,  so i t  i s  d i f f i c u l t  t o  a s s e s s  w hen  
s i g n i f i c a n t  t r a w l e r  l a n d i n g s  b e g a n  to  o c c u r  in  N orth  C a r o l in a .  T h is  
c o a s t a l  f i s h e r y  ex tends  from th e  V i r g in ia  Capes so u th  o f  Cape H a t t e r a s .  
F o r t  o f  l a n d i n g  doeB n o t  n e c e s s a r i l y  i n d i c a t e  a re a  where c ro ak e r  were 
c a u g h t ,  a s  la n d in g  s i t e  i s  u s u a l l y  d e te rm in e d  by  t h e  home p o r t  o f  t h e  
v e s s e l .
The o t t e r  t r a w l  f i s h e r y  i s  sup p o r ted  by  c ro a k e r  m i g r a t i n g  from  
t h e  b a y s  t o  o f f s h o r e  w arm er w a t e r  ( W a l la c e  1940).  C roaker g r a d u a l ly
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le av e  bay /sound  w a te rs  from J u ly  to  November (W allace 1940),  b u t  a mass 
e x o d u s  i s  n o t i c e d  when w ater  te m p era tu re s  b e g in  t o  f a l l  (Bearden 1964).  
A n o th e r  N o r th  C a r o l i n a  f i s h e r y  w h ich  t a k e s  a d v a n t a g e  o f  t h i s  f a l l  
s p a w n in g  o u t - b a y  m i g r a t i o n  i s  t h e  s i n k i n g  g i l l  n e t  ( S .  Ross p e r s .  
comm.). I t  t a k e s  p la c e  a t  the  same t i m e ,  i n  w i n t e r  and  e a r l y  s p r i n g ,  
and t h e  same p l a c e ,  c o n c e n t ra t in g  on spawning a g g re g a t io n s  around Cape 
Lookout up to  Cape H a t t e r a s ,  as  th e  t r a w l  f i s h e r y .  T h e re  h a s  b e e n  no 
l i t e r a t u r e  docum entation nor a n a ly s i s  o f  t h i s  f i s h e r y .
The c ro a k e r  a v a i l a b l e  on th e  in  th e  f a l l  s h e l f  a r e  I + and  I I + , 
im m atu re  o r  f i r s t - t i m e  spaw ners. R esearch  t ra w l  c a tc h  s i z e  f re q u e n c ie s  
range  from 100 mm upward because  o f  d i f f e r e n t  g e a r  which c a tc h e s  sm a l le r  
f i s h  t h a n  co m m e rc ia l  t r a w l s  w h ich  c a t c h  f i s h  200 mm to  450 mm. The 
Septem ber and  O c to b e r  1950 c o m m e rc ia l  c a t c h e s  w ere  c h i e f l y  a g e  I I .  
There a r e  no r e c e n t  s tu d ie s  to  show le n g th /a g e  com position  o f  t h i s  t r a w l  
f i s h e r y  so i t  may be in f e r r e d  t h a t  th e  f i s h  now cap tu red  a re  as  l e a s t  as 
s m a l l  a s  t h e  1950 s i z e  and  p o s s i b l y  aB s m a l l  a s  t h o s e  t a k e n  i n  th e  
r e s e a r c h  g e a r .  P e a r s o n  (1 9 3 2 )  s a y s  t h a t  f i s h  u n d e r  250 mm w ere  to o  
small to  m a rk e t ,  so c ro ak e r  taken  by th e  e a r l y  traw le rB  were a t  l e a s t  I I  
y e a rs  o l d .  P e a r s o n 's  s tu d y  on ly  c o n s i s te d  o f  m a rk e tab le  c ro ak e r  w ith  no 
m e a su re  o f  s h ip b o a r d  d i s c a r d s .  The f a c t  t h a t  46% o f  th e  t r i p s  y ie ld e d  
m a r k e t a b l e  c r o a k e r s  ( P e a r s o n  1932) i n d i c a t e s  t h a t  th e y  w ere  b e i n g  
a c t i v e l y  f i s h e d ,  w ere  r e l a t i v e l y  numerous and were l i k e l y  to  have been 
caugh t a t  s m a l le r  Bizes th a n  shown. A 2 1 /2  inch  s t r e t c h  mesh was u s e d  
in  1930 ( P e a r s o n  1 9 3 2 ) ,  a l l o w i n g  p r i m a r i l y  l a r g e r  f i s h  to  be ta k e n .  
T h is  r e s u l t e d  in  reduced c a tc h e s  when t h e  s t o c k  s i z e  was down and  few 
l a r g e  f i s h  w ere  a v a i l a b l e .  P e a r s o n  (1 9 3 2 )  m e n t io n s  im provem ent o f  
t e c h n i q u e s  and b o th  l o c a l  and o u t - o f - s t a t e  i n c r e a s e s  o f  f i s h i n g
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p r e s s u r e , and  a l t h o u g h  he  s a y s  t h e  f i s h e r y  was e x p a n d i n g ,  g a v e  no 
m easure o f  e f f o r t .
Waste in  t h i s  f i s h e r y  has long been  a p ro b lem . Found n e t s  were 
in t ro d u c e d  in  1870 (R e id  1 9 5 5 ) .  By 1883 pound  n e t s  w ere  a c c u s e d  o f  
c a t c h i n g  f i s h  too  sm a ll  to  u s e  and by  1909 were cha rged  w ith  d e s t r o y in g  
m ore  th a n  m a rk e te d  ( H ig g in s  and P e a r s o n  1 9 2 7 ) .  D u r in g  t h e  e a r l y ,  
i n c r e a s i n g  y e a r s  o f  t h e  f i s h e r y ,  1 9 1 0 - 1 5 ,  c ro a k e r  were ta k e n  in  such 
l a r g e  q u a n t i t i e s  in  th e  s p r in g  th a t  th e y  were u n m a r k e t a b l e  ( H i l d e b r a n d  
and  C a b le  1930 )  and  p r o t e c t i v e  l e g i s l a t i o n  was d is c u s s e d  in  V i r g in i a  
(McHugh and B a i le y  1957).  Wastage o f  c ro a k e r  and o t h e r  s p e c i e s  was so 
c o n s t a n t  i n  t h e  1 9 2 0 's  N o r th  C a r o l in a  pound n e t  f i s h e r y ,  and p ro b a b ly  
p a r a l l e l e d  i n  t h a t  o f  t h e  C h e s a p e a k e  B ay , t h a t  H ig g in s  an d  P e a r s o n  
( 1 9 2 7 )  c o n c lu d e d  t h a t  t h e  " s u p p l y  o f  f i s h  i n  N orth  C a ro l in a  does  n o t  
e q u a l  th e  demand." The l a rg e  q u a n t i t y  o f  c r o a k e r  i n  1956 g l u t t e d  t h e  
m a rk e t  so  t h a t  t h e  p r i c e  f e l l  to  two c e n t s  p e r  pound and cou ld  n o t  be  
s o ld  (McHugh and B a i le y  1957 ) .  C roaker l e s s  th an  240mm ( 9 .5  in c h e s )  a r e  
c l a s s e d  a s  d i s c a r d s  i n  N o r th  C a r o l i n a  and  i n  1978 made up 69% o f  th e  
pound n e t  c a tc h  i n  J u l y ,  86% i n  A u g u s t ,  33% i n  S e p te m b e r  a n d  12% in  
O c to b e r  ( S h o l a r  1 9 7 9 ) .  T h e s e  a re  th e  months when 0+ f i s h  a r e  h e a v i ly  
e x p l o i t e d .
Long h a u l  s e i n e s ,  p r e s e n t l y  g r e a t l y  improved over  th e  e a r l i e r  
g e a r ,  a r e  v e r y  e f f e c t i v e  and  c a p a b l e  o f  c a t c h i n g  p r a c t i c a l l y  a l l  
d e m e r s a l  f i s h  i n  i t s  p a t h  (D e V r ie s  1980 )  . They were to u t e d  as  worse 
th a n  pound n e t s  by a f i s h  d e a l e r  in  1912 (H igg ins  and P e a rso n  1 9 2 7 ) .  In  
1978 t h e  d i s c a r d  c r o a k e r  f ro m  lo n g  h a u l  s e i n e s  co m p rised  33% o f  th e  
c a tc h  in  A p r i l ,  42% in  May, 58% in  J u n e ,  45% in  J u l y ,  87% i n  A u g u s t  and  
31% i n  S e p te m b e r  ( S h o la r  1979 ) .  DeVries 1980 Bay6 th e s e  a r e  to o  Bmall
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t o  s e l l  b u t  S h o la r  (1979) say s  most a r e  s o l d  a s  c r a b  b a i t .  D e c l i n i n g  
c ro ak e r  p o p u la t io n s  have a l s o  been  a t t r i b u t e d  to  s to c k  r e d u c t io n  th rough  
y o u n g - o f - t h e - y e a r  i n c i d e n t a l  c a t c h e s  by  t h e  N o r th  C a r o l i n a  s h r i m p  
f i s h e r y  (Haven 1959, McHugh 19 7 8 ) .  A t l a n t i c  c ro a k e r  i s  one o f  th e  major 
components by w e ig h t o f  th e  shrimp b y -c a tc h  in  th e  South A t l a n t i c  B ig h t ,  
c o m p r i s in g  24.2% i n  N orth  C a r o l in a ,  8.8% in  South C a ro l in a  and 20.9% in  
G eorgia  p e r c e n t  by w eigh t d i s c a r d  (R e i s e r  1976),  F o r ty - n in e  p e r c e n t  o f  
c ro a k e r  i n  th e  s c ra p  f i s h e r y  a r e  age 0+ ; th e  r e s t  I + (W olff  1972 ) .  Only 
a f r a c t i o n  o f  t h i s  c a tc h  i s  la n d ed .  Most i s  d is c a rd e d  a t  s e a .  A lthough 
R e i s e r  ( 1 9 7 6 )  fo u n d  no e v i d e n c e  to  s u b s t a n t i a t e  the  concern  t h a t  t h i s  
p r a c t i c e  i s  d e p l e t i n g  c o m m e rc ia l  f i n f i s h  s t o c k s ,  no m a t t e r  w hat t h e  
g e a r ,  c a t c h e s  o f  im m a tu re  c r o a k e r  p o t e n t i a l l y  reduce  th e  s i z e  o f  th e  
spawning s to c k .
APPENDIX 9
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A ppendix 9 .1  -  F ig u re
L e n g th / f r e q u e n c ie s  o f  c ro a k e r  on t h e  s h e l f  i n  f a l l  months 
t a k e n  by  MARMAP c r u i s e s ,  1 9 6 8 - 8 1  . L e n g t h  a t  100% 
m a t u r i t y ,  based  on tim e o f  c e s s a t i o n  o f  summer w inds ,  and 
p e r  c e n t  o f  c a t c h  t h a t  i s  100% m a tu r e  i s  i n d i c a t e d  on 
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A ppendix 9 .2  -  F ig u re
C o r r e l a t i o n  b e tw e e n  t h e  f a l l  r e c r u i t m e n t  index  in  th e
C h e s a p e a k e  Bay and t h e  m a tu r e  c r o a k e r  t a k e n  b y  f a l l
2
MAEMAP c r u i s e s  d iv id e d  by a re a  (nmi) occup ied  by c ro a k e r  
d u r in g  th o se  c o l l e c t i o n s  ( r  ■= 0 .4 3 ,  n s 1 4 ) .
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A ppendix 9 .3  -  F ig u re
C o r r e la t io n  between MARMAP c r o a k e r  a b u n d a n c e  an d  o t t e r  
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A ppendix 9 .4  -  F ig u re
C o r r e la t io n  between Chesapeake Bay f a l l  r e c r u i tm e n t  index 
and th e  combined V i r g in i a  pound n e t  and g i l l  n e t  la n d in g s  
and N o r th  C a ro l in a  long h a u l  s e in e  la n d in g s  a d ju s te d  fo r  
p e r c e n t  m a t u r i t y  ( r  = 0 . 5 9 ,  n = 2 8 ) . T h i s  i s  t h e  same 
r e l a t i o n s h i p  a s  F i g u r e  9 . 5 ,  b u t  t h e  m a t u r i t y  o f  t h e  
commercial c a tc h  h a s  been  e s t im a te d .
L  6 0
R 58  
E
£ 40
MATURE VA-NC CATCH <POUNDS X 1006)
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Appendix 9 .5  -  F ig u re
C o r r e la t io n  between y o u n g -o f - tb e  y ea r  J u ly  modal s i z e  and 
th e  A p r il-S ep tem b er  index o f  y e a r - c l a s s  s t r e n g t h ,
( r  = 0 .2 0 ,  n = 2 5 ) .
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A ppendix 9 .6  -  F ig u re
C o r r e la t io n  betw een y o u n g -o f - th e -y e a r  Ju ly  modal s i z e  and 
t h e  t o t a l  V i r g i n i a - N o r t h  C a r o l i n a  com m ercia l  c a tc h  o f  
c ro ak e r  th e  p re c e d in g  y e a r ,  ( r  ** 0 .1 1 ,  n= 25) .
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APPENDIX 10
A ppendix 1 0 .1  -  F ig u re
Summer 1983 y e a r  c l a s s  o f  c r o a k e r  ( J g ^ M j pM = 2 4 .0 9 )  


















Appendix 10 .2  -  F ig u re
Summer 1983 y e a r  c l a s s  o f  c r o a k e r  C W  = 3 0 * 1 2 )  
p r e d i c t e d  from 1982 f a l l  w ind-induced  t r a n s p o r t  and 1983 


















Appendix 1 0 .3  -  F ig u re
Summer 1983 y e a r  c l a s s  o f  c r o a k e r  ( J ori„  = 1 1 8 .2 9 )SUM}MAa
p r e d i c t e d  f ro m  1982 f a l l  maximun r e c r u i t m e n t  and 1983 
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